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Chapter 1

Bolted Joints in Laminated Composites

1.1 INTRODUCTION

The study of bolted joints of laminated composites consisted of a literature
search in the following publications: Composite Structures, Composites, Journal of
Composite Materials, American Society For Testing and Materials (ASTM) Special
Technical Publication (STP), AIAA Proceeding and Journal of AIAA, Proceeding
of Society of Experimental Mechanics, NASA Technical Reports, Air Force
Technical Reports and the technical reports from National Laboratories. A listing
of all documents researched on bloted joints is included at the end of this chapter.

It is commonly believed that adhesive joints in structures can provide higher
efficiency than those of mechanical joints. However, there are many reasons why
mechanical joints will continue to be used as long as assembly is needed in a
structure. Mechanical joints are practical, easy to use, do not require special
surface preparation as adhesive joints do, and are timely and cost effective. In
some cases, such as joining of thick composite components, mechanically fastened
joints are preferred over adhesive joints. Sometimes mechanically fastened joints
are required; for instance, in the assembly of demountable components. Battle
damage repair, References [I -1 to 1-3], also requires mechanically fastened joints
since they cannot use any major equipment that is not accessible in combat
conditions.

Mechanical joints generally include bolts, screws and rivets (or pins). Bolts
are mainly used in highly loaded structures such as aircraft. Screws are mainly
used for joining composites with wood and pins are suitable for assemblying
temporary structures or structures that do not require high level of load transferring
between the components.

Composite aircraft structural components that transfer high level of loads
through the joints use bolts extensively. The applications of bolts include wing



structures [1-4], fuselage structures [1-5], tail structures [1-6], and many others [1-
7 to 1-11].

Early work on bolted joints in composites was confined to a single bolt
(commonly referred to as single-bolted joints) and was based on the assumption
that multiple bolts (normally referred to as multiple-bolted joints) may be regarded
as being a number of bolts loaded in parallel. Recent studies showed that the stress
distribution around a joint in a laminate was influenced by its surrounding joints.
Thus, not only the stress concentrations but also the failure modes were different to
some extent, for a single-bolted and a multiple-bolted joint in composite structures.
The bolted joint problems in composite structures deserve continuing attention and
study because their performance and behavior cannot be translated directly from
isotropic materials. The stress concentrations in composite structures due to bolted
joints could be considerably higher than those in structures with isotropic materials
due to composite directional anisotropy. In addition, composite materials are
brittle, a condition that can causes catastropic failure. Tailoring the design in
composite structures is frequently needed to create a safe structure while
maintaining the objective of reducing structural weight.

In 1980, Godwin and Matthews [1-12] wrote a review paper in the area of
strength of single-bolted joint in composite laminates. Their discussion covered
material parameters, fastener parameters and design parameters. The majority of
the work reviewed was published in the European countries, especially the United
Kingdom. In this report, we will discuss the work on single-bolted joints and
multiple-bolted joints in laminated composites, including some additional
parameters that were not considered in Ref. [ 1-12]. Moreover, the materials
discussed in Reference [1-12] are mostly glass fiber reinforced epoxy or glass fiber
with polyester matrix while this report discusses many laminates made of graphite
fiber reinforced epoxy matrix that is commonly used in many aircraft structures.

1.2 MAJOR PARAMETERS

Bolted-joints in laminated composites involving non-uniform through-the-
thickness stress distributions and failure mechanisms in a progressive manner are
complicated issues. The study of this problem can generally be classified into five
main aspects. They are: (1) material parameters (2) fastener parameters (3) design
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parameters (4) loading parameters and (5) environment parameters. Each
parameter includes several aspects that are discussed in the following.

Material parameters. This includes fiber type and form (such as
unidirectional, particulate, woven fabric, etc.), resin type, fiber volume fraction of
a laminate and the physical and chemical properties of the fiber-matrix interface.

Fastener parameters. This includes fastener type (bolt, screw, pin, etc.) and
material, fastener size and mechanical properties, fastener clamping pressure,
fastener-hole tolerance as well as washer size.

Design parameters. This includes joint type (such as single lap, double lap,
strap joint, etc.), laminate geometry which includes thickness, end distance to hole
diameter ratio, side distance to hole diameter ratio, thickness-to-hole diameter
ratio, pitch, back pitch, hole pattern (single hole, multiple holes in a row, in parallel
or rows and parallels, staggered rows, etc.) and hole size.

Loading parameters. This includes the direction of loading: tension (apply
pulling forces between two or more loading surfaces), compression (apply pushing
forces between two or more loading surfaces), bearing-bypass loading (the load of
the fastener can be applied in any direction regardless of the grips), fatigue loading,
impulse loading, creep and relaxation, etc.

Environment parameters. This includes steady-state testing environment at
room temperature, elevated or cryogenic temperature, thermal spiking, moisture
content in the laminates, etc.

Human and machining parameters: Technicians can cause some errors in
drilling holes and in the process of bolt installation. Likewise, machining tools
present problems of accuracy and malfunction.

These parameters will be discussed with experimental data in a later section.

1.3 JOINT CONFIGURATIONS

The geometry of a typical single-bolted joint is described in Figure 1-1 where:
e = end distance (distance between the hole center and the end of the plate);
D = hole diameter;
t = laminate thickness;
W = laminate width;

3



L = length of the laminate.
The configuration of a typical multiple-bolted joint is described in Figure

1-2. In addition to the parameters given above, the following definitions are used
to describe the joint:

p = pitch (distance between two bolts in a row);
Lij = back pitch (distance between two bolt holes in parallel, i and j rows);
s = side distance (distance between the laminate edge and the first

hole center).
These definitions will be used throughout this report. Single-bolted and

multiple-bolted joints can be applied in both single lap (shear) and double lap
(shear) fashion. Other types of joints can be found in References [1-13] and [1-14].

1.4 FAILURE MODES

The most basic failure modes of composite laminates with a single-bolted
joint loaded in tension include tension, bearing, shear-out and cleavage, Figure 1-3.
Another failure mode in composite laminates that is bolt related will be discussed
in Fig. 1-7. Under compression loading, the most frequent observed failure modes
are compression through the hole and bearing. Generally, failure modes depend on
e/D and W/D ratios, bolt tightening pressure and washer size as well as the fiber
orientations of the laminate. The tension failure mode normally occurs when the
W/D ratio is small. Bearing mode may occur for large W/D and e/D ratios (larger
than or equal to 4). Shear-out mode is likely to occur when e/D ratio is smaller
than 3. Cleavage is generally associated with bending in a laminate with small end
and side distances. Experimental observations have shown that composite
laminates often fail in mixed-mode rather than in a simple mode. For instance, any
laminate may suffer bearing failure to some degree even if the dominating failure
mode is not bearing.

The basic failure modes in composite laminates with multiple-bolted joints are
the same as those for single-bolted joints. However, because of the stress
interaction between the holes, the global failure mode exhibits some differences
from that with a single-bolted joint. In some cases, the dominating failure modes
in composite laminates with single-bolted and multiple-bolted joints could be
different. Experimental results have shown that tension (or compression) normally

4
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Figure 1-1. A typical specimen with single-bolted joint.

Row of bolts
(First row)

"t~

SLine of bolts
L

Figure 1-2. One definition of multiple-bolted joints. Rows 1 and 2 are
in uniform rectangular pattern, rows 2 and 3 are staggered.
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(a) Tension (b) Bearing

(c) Shear-out (d) Cleavage

Figure 1-3. Basic in-plane failure modes of bolted
joints in laminated composites.
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occurs with or without the accompaniment of other failure modes in composites
with multiple-bolted joints. For single-bolted joints, tension may not occur for
large W/D ratio.

The influence of the major parameters described in Section 1.2 on the failure
modes of composite laminates will be described in a later section.

1.5 THE INFLUENCE OF EACH PARAMETER

The influence of each parameter described in Section 1.2 on the bolted joints
of composite laminates will be discussed in the following.

1.5.1 Material Parameters
The discussions of material parameters include the material forms, the effect

of hybrid materials and the effect of woven fibers.

1.5.1.1 Material Form
Aircraft and aerospace grade polymeric composites are normally made from

unidirectional prepreg with either graphite or glass fiber to produce laminates of
graphite fiber reinforced epoxy (Gr/Ep) or glass fiber reinforced epoxy (GI/Ep).
Kevlar fiber may also be used to produce laminates of Kevlar fiber reinforced
epoxy (Ke/Ep).

Ground transportation and structural grades of polymeric composites are
normally made from different matrix materials than those for aircraft structures.
Glass fiber is often used with polyester and polyurethane to produce laminates of
glass fiber reinforced polyester (GI/Pe) or glass fiber reinforced polyurethane (Gl/
Pu).

The fibers used in aircraft and ground structures normally have different
forms. Those used in aircraft structures usually are unidirectional whereas those
used in ground structures are normally either in random or in woven form. On the
other hand, some of those used on water, such as boats, are frequently in chopped
form. The influences of bearing strength due to hybrid materials and woven fibers
are discussed in the following subsections.
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1.5.1.2 Effect of Hybrid Material
The European countries have studied extensively the bolted joint problem

with GI/Ep and GI/Pe laminates rather than Gr/Ep. Many experiments were
conducted in the 1960's and early 1970's [1-15]. The bearing strength of laminated
composites are in the order of Gr/Ep>GI/Ep>GIIPe as shown in Figure 1-4. Some
investigators have also studied the bolted joints of hybrid composites with Gl/Ep
and Gr/Ep prepregs [1-16, 1-171. The results show that hybrid composites do not
improve the bearing strength [1-16], Figure 1-5. However, they show less brittle
failure characteristic in contrast to all-carbon laminates. It also appears that 20%
of reduction in bearing strength is compensated with a cost saving because of using
GI/Ep rather than all Gr/Ep composites.

1.5.1.3 Effect of Woven Fibers
Experimental results on bolt bearing in woven laminates is extremely limited.

From the work of Matthews [ 1-18], we find that the bearing strength of woven
laminates generally follows the same trend as those with continuous straight fibers.
However, we believe that their failure sequence and damage modes will be
different.

1.5.2 Fastener Parameters
Mechanical fastened joints can generally be classified into three kinds:

screws, rivets and bolts for nonmetallic materials.

1.5.2.1 Characteristics of Mechanical Fastener Joints
Screw Joints. Among the three kinds of mechanical fastener joints, screws

offer the lowest load-carrying capability. They often cause damage to the
laminates in the process of being installed. Therefore, the applications of screws
have been limited to joining composites with woods in most cases. One exception
is the self-tapping titanium screw [1-191, developed by Kaynar (Figure 1-6), which
has been used as an anti-peel fastener for the adhesive-bonded stiffeners of the
Tomahawk composite wing. Screw joints of GI/Pe laminates were reported in SPI
handbook [ 1-20].

Rivet Joints. Rivet joints were used much more often in metals than in
polymeric composites. The laminates being joined by rivets are generally thinner
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Figure 1-4. Bearing strength with e/D ratio of a cross-plied
laminate of Gr/Ep, GI/Ep and GI/Pe [1-16].
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Figure 1-5. Bearing strength of hybrid composites
with varying glass carbon ratio.
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~Coat with adhesive

prior to insertion

Figure 1-6. Self-tapping screw.

than 3 mm (0.118 in). The riveting operation can be performed much faster than
the other two joining methods. However, it is done in a way similar to impact

loading of a laminate. Delamination and split out on the backside from the impact

forces as well as some other local damage can be formed around the rivet hole.
Due to the nature of the riveting process by rivet guns, the closing force is not

readily controlled. Because of the potential problems they might cause, rivet

joints in composite structures are not recommended. More discussion of riveted
joints in Gr/Pe composites is given by Rufolo [ 1-211.

Bolted joints. Bolted joints offer the greatest load-carrying capability in

composites among the mechanical fastener methods. The holes are drilled in a
separate process from the installation. If the holes are prepared carefully and with
appropriate machining tools, no damage will be caused to the composite structures.
This should be emphasized as critical and is a manufacturing science in itself. The
drawback is that the cost is the highest among the three kinds of mechanical
fasteners. During the past two decades, considerable numbers of studies have
been done in the area of bolted joints of laminated composites. Bolted joints are
perhaps the best method for joining demountable components of aircraft and
aerospace structures. Washers are normally used with bolted joints. Their function
is to spread the tightening pressure more evenly and over a bigger area. The
significance of applying tightening pressure through the bolts and washers will be
discussed in a later section.
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Special Fasteners. Faateners other than the above three basic kinds are
referred to as special fasteners. Special fasteners include Hi-Lok, Bigfoots, semi-
tubular rivets, Cherry Buck rivet, stress-wave rivet system, groove proportioned
lockbolt (GPL), composite fasteners and self-tapping screw. All these special
fasteners were designed for use in composite structures. The GPL fastener system
is an all-titanium permanent fastener. The primary advantages of the composite
fasteners [ 1-22] are total galvanic compatibility, low cost and high stiffness-to-
weight ratio.

1.5.2.2 Fastener Problems
There are four primary problems associated with bolted composite joints.

These are galvanic corrosion, galling, installation damage and low pull-through
strength.

Galvanic corrosion. The basic driving force of the galvanic corrosion
reaction is the differt.1ce in electrode potential between the Gr/Ep and the metals
[1 -23]. Prince [1-23] suggested the use of protective coatings to protect against
galvanic corrosion. He concluded that this method did not work when flaws exist.
A comparisori of galvanic compatibility between fasteners and composite materials
is listed in Table 1-1 [ 1-24].

Galling. This problem often occurs during the installation of some threaded
fasteners in composite joints. One example is the application of titanium or A286
nuts with high prevailing torque titanium fasteners (e. g., Hi-Lok). The nuts and
the fasteners tended to lock-up during installation, before the desired pr- load was
applied.

Installation damage. Forcing fasteners into an interference-fit hole of a
laminate can cause the plies in the backside to delaminate. This is not to imply that
interference-fit is harmful to composite structures. Limited experimental data have
shown that joint strength of composite structures can be improved with
interference. In the process of most rivet installation, the hole is completely filled
by the shank expansion. This operation also creates interference-fit and it causes
delamination and ply buckling for GI/Ep laminates. The damage caused by
interference-fit can be reduced or eliminated if appropriate fasteners are used. For
instance, this problem can be overcome using the Stress-Wave rivet system and a
Rivnut developed by Goodyear (both are not popular). Another kind of damage
that can easily be formed is due to impact forces in installation. One example is

11



Table 1-1. Comparison of galvanic potential of fastener materials with
composites.

Fastener Material Compatibility with Gr/Ep Composites

A286 Acceptable

Aluminum Not compatible

Cadmium Not compatible

Chrom. plate Adequate with A286, PHI 3-8MO

INCO 600 (Cobalt alloys) Good

Low alloy steel Not compatible

Magnesium alloys Not compatible

Martensitic stainless steel Not compatible

Monel Marginal

MP-35N (Nickel) Good

PH13-8MO
(Molybdenum alloys) Acceptable

Silver plate Adequate with A286, PHI 3-8MO

Titanium and its alloys Very good

Zinc plate Not compatible

12



the use of a conventional riveting gun. Delamination, fiber-matrix splitting and
fiber breakage may be formed on the backside of the hole.

Low pull-through.strength. It is well known that composite structures have
low pull-through strength. The failure mode is illustrated in Figure 1-7 [1-25].
One remedy to this problem is to use fasteners with enlarged footprints and
enlarged heads.

1.5.2.3 Fastener Materials and Failure Modes
Metal fasteners are commonly made of steel, titanium or aluminum. Their

tensile moduli are 30, 16 and 10 msi, respectively. The range for tensile strengths
of steel and titanium bolts is approximately 220 to 160 ksi. The test data of
Reference [ 1-25] show that the steel fasteners result in slightly higher gross
strengths compared to titanium fasteners. However, the incompatibility of the
galvanic potential between the uncoated steel and the graphite/epoxy materials [1-
23] suggests that galvanic corrosion will be a potentially serious problem.
Therefore, titanium fasteners are commonly recommended because of their
galvanic compatibility with graphite/epoxy materials. The galling problem caused
by titanium fasteners and A286 nuts in the situation of high prevailing torque can
be solved with proper design of the fastener system.

In some cases, bolt failure was observed before the composite structures failed
[1-25]. The basic failure modes of the bolts include: (1) the neck (juncture of head
and shank) fails in tension and (2) shank fails in shear, Figure 1-8.

L

Figure 1-7. Failure mode of bolt pulling through laminate.
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(a) Tension failure (b) Shear failure

Figure 1-8. Bolt failure modes.

=- Increasing pull-through strength

Shear heads

I00" 1200 1300e

.yj::::depth.. I02 x 10(m)
Io for 4-75x1IO 3 (nm)dio.

--- Tension head 3

Tension head depth 204x10 (M)
Te----- for 476xKIO 3 ()dio

Figure 1-9. Countersink tension head and shear head design.

14



1.5.2.4 Effect of Fastener Head and Countersink Angle
The head designs of the bolts include protruded, tension and shear

configuration. The depth of a tension head is twice that of a shear head, Figure 1-9.
Ramkumar and Tossavainen [ 1-25] demonstrated that protruded head fasteners yield
higher bearing strengths compared to flush head fasteners (up to 23% difference).
Because of aerodynamic stability, flush head fasteners need to be used to maintain
flush outer surfaces on a structure. Cole et al. [1-19] demonstrated that 100' tension
head fastener joints yield higher laminate bearing strengths compared to 1000 shear
head fastener joints under static loading. They also found from fatigue tests that the
1000 tension flush-head is the best configuration for strength and durability as
opposed to the 1000, 120' or 1300 shear flush configurations. The minimum head
thickness for 1000 countersink was recommend.d by Dastin [1-14] for fastener
diameters ranging from 2.38 mm (3/32 in) to 9.52 mm (3/8 in).

1.5.2.5 Effect of Interference-Fit and Bolt Clearance
Garbo and Ogonowski (1981) [1-26] conducted an experiment using Gr/Ep

(AS1/3501-6) [45/0/-45/0/90/0/4510/-45/0]s (50/40/10) and [45/0/-45/0/45/90/-45/0/
±45]s (30/60/10) laminates with 0.003 and 0.008 in of interference-fit. They
concluded that these laminates are insensitive to these interference-values at room
temperature dry conditions. At elevated temperature wet (ETW) conditions (2500 F
and approximately 0.9-1.0% moisture by weigh) the joint strength of the first
laminate was increased by 8-15% at both levels of interference. The change in the
joint strength for the second laminate ranged from -1.8 to 4.6% at the ETW
condition. Other people claimed that interference-fit can improve the fatigue life of
composite structures.

Rowlands et al. [ 1-271 showed that bolt clearance has significant effects on the
radial stress distribution of wood. The radial stress component, ar, can be reduced
by as much as five times when the bolt/hole ratio increases from 0.824 to 0.988.
Since no test data were provided, the effect of bolt clearance on the bearing strength
is not clear.

1.5.3 Design Parameters
The bolted-joint strengths of laminated composites are affected by many

parameters from the designer point of view. The effect of each parameter will be
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discussed separately in the following.

1.5.3.1 Effect of Clamping Pressure
An increase in the fastener torque increases the friction between the structural

components, and increases the rotational constraint of the fasteners. This lateral
constraint prevents the delamination and ply buckling failure modes under the
washer area. It also changes the failure mode around the joint area. Stockdale and
Matthews [1-28], Collings [1-29], Collings [1-30] (Figure 1-10), Kretsis and
Matthews [ 1-31 ] (Figure 1- 11l) and Godwin et al. [ 1-39] all show that clamping
pressure can significantly increase the bearing strength of Gr/Ep, Gl/Ep and Gl/Pe
laminates with single-bolted joints. In fact, even the restraint offered by a finger-
tight bolt and nut can improve the bearing strength considerably [I1-12] compared
to a pin-loaded hole. Ramkumar and Tossavainen [1-251 show that fastener torque
only has little effect under tensile loading. However, under compressive loading,
the bearing strength increases by approximately 30% when the fastener torque is
increased from 0 to 200 in-lbs.

The improvement of the bearing strength due to the lateral restraint could be
explained by the change in laminate failure mode. Crews [1-32] reported that the
failure mode is bearing under pin bearing condition. Under a moderate clampup
condition, the failure mode is shearout under the washer and bearing outside the
washer area. In the case of a high clampup condition, a mixed-mode of tension
and shearout occur under the washer and bearing outside the washer area.

Beyond a certain value of clamping pressure only little increase in bearing
strength is obtained. This value depends on the material system and laminate
layup. It ranges from 15 MPa [1-31] for G!/Ep [0/±4 5 12s, 2 2 MPa for Gr/Ep [1-30]
to over 90 MPa [1-281 for GI/Ep. It is noted, however, that at a much higher
clamping load compressive damage could be done by washers or fastener heads
digging into the laminate.

1.5.3.2 Effect of Joint Eccentricity
Joint eccentricity (bending) can be produced by single lap tests. The

significance of this effect can be studied by comparing single lap test results with
double lap test results. The tests with Gr/Ep (AS1/3501-6) [(45/0/-45/0)2/0/90]s,
[45/0/-45/03/90/03]s and [45/0/-45/0/45/90/-45/0/45/-45]s laminates [1-25] reveal
that the bearing strength of the first two are relatively unaffected by the change of a
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Figure 1-10. Effect of bolt tightening pressure on the bearing
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laminates. D=6.35 mm (0.25"), W=S0 mm (1.97")

9w0

G/69

500-

.400 -

300b4

0 10 0 L 40 5

Y Gz (MPa)

Figure 1-11. Effect of bolt clamping pressure on the bearing strength (double
lap) of GI/Ep [0/1±4451J laminates. D=6.35 mm (0.25"), t--3 mm (0.12").
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single shear to a symmetric double shear test configuration. The third one reveals
19% higher bearing strength using a symmetric double shear test configuration.
The eccentri-city effect is more pronounced under compressive loading. Even the
first laminate shows 20% difference in bearing strength.

1.533 Effect of W/D Ratio
Collings [ 1-30], Kretsis and Matthews [ 1-31] as well as Ramkumar and

Tossavainen [1-25] showed that joint strength can be improved significantly by an
increase in the W/D ratio (Plate Width/Hole Diameter). Kretsis and Matthews
further pointed out that the failure mode changes from tension to bearing at
W/D ratio equal to about 3.2 for GI/Ep [0/±4 5 12s and about 6 for GI/Ep [±4513s,
Figure 1-12. Collings showed that the change of failure mode occurs within
the same range of W/D ratios for Gr/Ep. Matthews et al. [ 1-16] showed that
the failure modes change (tension to bearing) at W/D = 3 for all cross-ply
laminates made of all-carbon, all-glass and glass/carbon hybrid reinforced XD-927
epoxy systems. Ramkumar and Tossavainen showed that the bearing strength of a

laminate remains relatively unchanged for W/D>6. When W/D_4 the failure mode
is net section failure across the hole. For W/D>4 the failure mode is primary shear-

900

800-I /co 700o ,00

0 -"'-/i 45" (I e. J4!f

600-
4500

-00

0 1 2 3 4 5 6 7 8 9 10 1I

W/D

Figure 1-12. Effect of W/D ratio on the bearing strength of G1/913 laminates.
D=6.35 mm (0.25"), t=3 mm (0.12"), clamping pressure=12 MPa.
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out if the e/D is not large enough to create a bearing failure. All these results seem
to suggest that the W/D value for the mode changeover point is larger for a matrix
dominated laminate than that for a fiber dominated laminate.

1.5.3.4 Effect of e/D Ratio
The work of Collings [ 1-29], Kretsis and Matthews [ 1-31 ] and Ramkumar and

Tossavainen [1-25] all showed that the faiure mode of GI/Ep (former two Ref.)
and Gr/Ep (latter Ref.) laminates changes from shear to bearing by increasing the
e/D ratio (end distance/hole diameter) to some critical value. Increasing the e/D
ratio also improves the joint strengths of the laminates. Kretsis and Matthews
showed that the change of failure mode took place at e/D equal to 3 for GI/Ep
[±4513s laminate and about 4.5 for Gl/Ep [0/9013s, Figure 1-13. Thus, the value of
e/D for the change of failure mode is highly dependent on the laminate layup.
Apparently, the first layup is more shear resistant than the second one. The value
of e/D for the change of failure mode seems to change only slightly for different
material systems, Figure 1-14 [1-31]. Moreover, the variation of the bearing
strength versus the e/D ratio is more gradual for GI/Ep than for Gr/Ep laminates.

1.5.3.5 Effect of D/t Ratio
Kretsis and Matthews [1-31] have tested the bearing strength of GI/Ep [0/

±4 512s laminates with various hole diameters under the restraint condition of a
finger-tight bolt. They concluded that bearing strength decreases significantly as
D/t ratio (hole diameter/plate thickness) increases, Figure 1-15. The reason
is that a large D/t ratio tends to cause out-of-plane buckling in the laminates.
Figure 1-15 and the hybrid data [1-16] both show that the bearing strength has a
linear relationship with D/t ratios between 1 and 3. For D/t > 3, the slope increases
creating a nonlinear relationship. Oleesky and Mohr [1-20] suggested that full
bearing strength is less likely to be developed if D/t > 1. Other researchers [1-121
show that the bearing strength is independent of the D/t ratio when sufficient
lateral constraint is applied on the bolts.

1.5.3.6 Effect of Stacking Sequence
The experimental results of Quinn and Matthews [1-33] and Smith and Pascoe

[1-34] suggest that stacking sequence has significant effect on pin-bearing strength
of GI/Ep laminates [1-33] but has little effect for Gr/Ep laminates [1-34].
However, it must be noted that the [90/±45/0]s layup had the highest bearing
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Figure 1.14. Effect of e/D ratio on the bearing strength of [0/±4512s laminates.
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strength for the Gi/Ep material system [ 1-33], and this layup was not tested for the
Gr/Ep system [1-34]. The former authors [1-331 showed that placing the 900 layer at
or near the laminate surface increases the bearing strength of GI/Ep laminates, Figure
1-16. According to the data in Ref. [1-341, the stacking sequence effect on the
bearing strength of Gr/Ep laminates is eliminated as the clamp-up torque is increased
to 20 in-lb. The value of clamping pressure that creates the same effect for GI/Ep
laminates is unknown currently. It has been shown that the stacking sequence
changes the failure mode and the failure sequence due to the difference in stress
distribution. Some of this phenomenon can be qualitatively explained by the
interlaminar normal stress [ 1-34].

Grouping together plies with the same orientation can cause a reduction in the
bearing strength. The study by Ramkumar and Tossavainen [ 1-25] concluded that the
reduction in bearing strength is approximately 7%, 10% and 5%, respectively, for
three different stacking sequences of Gr/Ep (AS 1/3501-6) [(45/0/-45/0)2/0/90]s, [45/
0/-4 5/0 3/ 90 /0 3]s and [45/0/-45/0/45/90/-45/0/45/-45]s laminates.

1.5.3.7 Effect of Multiple-Bolted Joints
In practice, multiple-bolted joints are of great importance. Within a multiple-

bolted joint, fastener holes normally are subjected to the combined effects of bearing
loads and bypass loads. One must be very careful in using single-bolted joint data to
design structures with multiple-bolted data. Abundant data in the literature have
shown that single-bolted joint data are not directly translatable into multiple-bolted
data. This is understandable because of the stress interaction between the bolt holes.
The stress field of each bolt hole is influenced by the surrounding bolt holes, which
cause a weakening effect. This interaction becomes increasingly significant as the
hole distance is reduced.

Multiple-bolted joints can change the failure mode of a laminate as compared to
a single-bolted joint. Pyner and Matthews [ 1-351 have shown that a GI/Ep [-4 5 /0 12s
laminate with a single-bolted joint failed in tension and shearout modes under tension
loading. It changed to a purely tension mode for a joint consisting of four bolts in a
line. This phenomenon can be explained by the result of the stress analysis
performed by Ramkumar et al. [ 1-36]. The loads are not uniformly distributed
among the four bolts. Instead, the distribution is quite different from one bolt to
another. The ratios for five bolts in a line are 0.164:0.124:0.161:0.207:0.345 as
shown in Figure 1-17. Ramkumar and Tossavainen [1-37] and Garbo et al. [1-38]
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have conducted a significant number of static tests on multiple-bolted joints using
Gr/Ep laminates. Godwin et al. [1-39] and Chang et al. [ 1-40] have also conducted
static tests on multiple-bolted joints using Gr/Ep and GI/Pe laminates, respectively.

1.5.3.8 Effect of Staggered Rows of Fasteners
Godwin et al. [1-39] demonstrated that no substantial improvement in bearing

strength was gained by using staggered rows of fasteners. However, the use of

1 2
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Figure 1-17. Fastener load distribution in AS1/3501-6 50/40/10 (% of 0, ±45
and 900 plies) laminates (Double-lap joint, bolt diameter=5/16 in., protruding

head steel bolt torqued to 100 in-ib, room temperature dry condition).
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staggered rows of fasteners creates a larger damaged area as compared to a single
row of fasteners. This suggests that the design of a staggered row of fasteners can
absorb more energy than a single row of fasteners does. In practice, however, a
rectangular fastener pattern is more commonly used than staggered rows.

1.5.4 Effect of Loading Parameters
Loading parameters include static tension, static compression, static bearing-

bypass loading and fatigue loading. All the testing results mentioned above were
conducted under static tension or static compression loading conditions. The
bearing-bypass loading and fatigue loading will be discussed in the following.

1.5.4.1 Effect of Bearing and Bypass Loads
In many practical cases, fastener holes are subje,.ted to the combined effects

of bearing loads and loads that bypass the hole to be reacted elsewhere in the joint.
The portion that bypasses the hole is defined as bypass load. Any bearing-bypass
testing requires an apparatus that can apply bearing and b'; : loadings
simultaneously. Very little experimental data are availfne in this area.

Three approaches have been reported in the literature for bearing-bypass
testing in composite laminates. The first approach uses levers and linkages to
divide the applied load into two proportional parts [1-411. The second approach
uses a "scissor" mechanism to apply a bearing load between two holes in the test
specimen [1-42]. This bearing load is held constant while the bypass load is
varied. The third approach uses two servo-control systems. One controls the
bearing load while the other controls the bypass load [1-43]. Crews and Naik [1-
44] developed a testing apparatus similar to Concannon's [1-43] but simpler in
design. The-y used Gr /Ep (T300/5208) [0/4 5/90/-4 5 ]2s laminates to show that
clearance fit created a nonlinear relationship Vztween the bearing and the contact
angle. Naik and Crews [1-451 have reported the fracture strength of Gr/Ep T300/
5208 laminates under several combinations of bearing-bypass load ratios (±0, ±1,

±3 and ±0-). They found that bearing and bypass strength in the tension quadrant
form a linear interaction, Figure 1-18, which agrees with the observation by Smith
[1-171.

24



Rarrkumar [1-411 showed that the gross tensile and gross compressive
strengths are linearly proportional to N (the ratio of the bolt load to the total
applied load) for a AS 1/3501-6 [±45/0/90]3s laminate, Figure 1-19. This
relationship is interesting because it involves a change of failure mode from net
section to bearing. Additional study is needed for an in-depth explanation of this
kind of relationship.

1.5.4.2 Effect of Fatigue Loading
Very few papers have been published in the area of fatigue of bolted joints in

composite laminates. Crews [1-46] has studied T300/5208 [0/45/90/-4512s
laminates under bolt bearing loads for a range of bolt clampup torque and three
environmental conditions inclkding water. His result showed that high clampup
torque improved both the static and fatigue limit by about 100% compared to a
pin-bearing case. He also found that tests in water degraded static bearing strength
slightly, but reduced the fatigue limit about 40% below that obtained in air.

Ramkumar [1-25] shows that for tension-tension fatigue loading, no fatigue
failures were induced (for a million cycles) in AS 1/3501-6 [(45/0/-45/0)2/0/90]s
laminates when the maximum cyclic bearing stresses are below 90% of the static
bearing strength. For compressic'1-compression fatigue, the laminate does not
suffer any fatigue failure if the maximum cyclic bearing stresses are below 85% of
the static bearing strength. For tension-compression fatigue, fatigue failures will
occur if the maximum cyclic bearing stress value is above 35% of the static bearing
strength.

From the test results of Ramkumar and Tossavainen [1-25], it is quite
important to note that when i00' tension flush-head steel fasteners were used, four
out of nine tests resulted in fastener failures. When titanium fasteners were used
instead of steel, fastener failures occurred in every case. As opposed to static
loading tests, this result reveals that graphite/epoxy composite is much more
fatigue resistant than metals.
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1.5.5 Environmental Parameters
In 1977, Wilkins [1-471 tested and reported that pin-bearing strengths of many

Gr/Ep T300/5208 laminates (especially those containing ±450 and 900 layers) were
not affected by moisture content up to 1.48% at room temperature and at elevated
temperatures up to 2000 F. Those laminates that contain 0' layers are most af-
fected, as shown in Figure 1-20. For instance, the pin-bearing strength of Gr/Ep
50/50/0 (% of 0, ±45 and 900 layers) laminates for the 750 F dry condition is 122.7
ksi. It decreases to 105.1 ksi (14% decrease) after it was soaked 142 days at 1800
F and 98% relative humidity (1.48% weight gain). The bearing strength was fur-
ther reduced to 100.3 ksi (18% decrease) when it was subjected to 42 heat spikes
at 300TF. Compared with unnotched laminates, Wilkins found that the reduction in
fracture strength due to environmental effects was more significant in the case of
bolted joints.

Ramkumar and Tossavainen [1-251 studied the Gr/Ep AS 1/3501-6 [(45/0/.-45/
0)2/0/9 0 ]s (50/40/10), [45/0/-45/03/90/0 3]s (70/20/10) and [45/0/-45/0/45/90/-45/0/
45/-45]s (30/60/10) laminates. They showed that the bearing strengths of these
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Figure 1-20. Environmental effects on bearing strength
of Gr/Ep T300/5208 laminates.
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laminates were decreased by 8, 12 and 8%, respectively, at 218'F and 1.0%
moisture content as compared to room temperature dry conditions. Garbo and
Orgonowski [1-26] compared the bearing strengths at room temperature-dry and
250"F-0.9% moisture content conditions. They reported a reduction of 11, 22, 16
and 12% for the T300/5208 30/60/10 and 50/40/10 laminates as well as AS 1/3501-
6 50/40/10 laminate, respectively.

These results show that hot-wet environmental conditions can cause a
reduction in bearing strength up to 16% in most cases. It can increase to 20% or
more with thermal spiking.

As opposed to all the results mentioned above, Kim and Whitney [ 1-48]
reported a tremendous reduction in bearing strength of Gr/Ep T300/5208 laminates
due to moisture and elevated temperature. They tested [02/±4512s, [9 02/± 4 512s and
[0/90/±4 5 ]2s laminate layups and found that room temperature wet (1.5% moisture
content by weight) bearing strengths decreased by 11, 10 and 13%, respectively,
compared with the room temperature-dry baseline condition. At 260'F and the
same wet condition, the bearing strengths decreased by 38, 39 and 40%,
respectively. No other investigators have reported this much of strength reduction.

1.5.6 Human and Machining Parameters
Technicians and engineers can make mistakes or imperfections during specimens
preparation and bolt installation. Similarly, machining tools do not always produce
good quality and dimensional accuracy needed, especially if alignment and
maintenance are not maintained properly on a timely and regular basis. Extremely
limited studies have been performed on the effects of these human and machining
parameters on bolted joints. Some of these issues were addressed by Garbo and
Ogonowski [ 1-26] in 1981. For the sake of convenience, the following symbols
are denoted:

RTD = Room temperature dry condition;
ETW = Elevated temperature (250°F) wet (0.86% moisture content) condition.

Out-of-Round Holes. The testing results in Ref. [1-26] show that a bolted
hole with a 0.004 in. straight portion in the middle (see Figure 1-21) causes 1.3%
decrease and 4.3% increase in bearing strength ofAS1/3501-6 30/60/10 and 50/40/
respectively, at RTD.
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Delaminations. Drilling a hole in composite laminates without a backing
material and/or at too fast a feeding speed can cause delamination and fiber
breakout on the exit side of the hole. Garbo and Ogonowski [11-26] reported
reduction in bearing strengths of 2.0 and 7.3% at RTD with moderate and severe
delaminations, respectively, in 50/40/10 laminates. At ETW, the loss in bearing
strength with these type delaminations was 3.7 and 8.7%, respectively.

Porosity. Porosity can easily be formed during the processing of composite
laminates. As shown in reference [1-261, moderate and severe porosity can cause
reduction in bearing strengths for 50/40/10 laminates by 8 and 12%, respectively,
at room temperature and after exposure to freeze-thaw cycles. The reductions
increased to 13 and 30% when the laminates were tested at ETW condition.

Improper Fastener Seating. This happens when the countersink tool wobbles
and produces a countersunk angle that does not match the angle on the head of the
fastener. The result is that the bolt head sits below or protrudes above the laminate
surface. Extreme cases were considered with 80 and 100% of the countersink head
hanging free (only 20% of the laminate thickness or a circumferential line (knife
edge) was in contact with the bolt). The bearing strengths were decreased by 20
and 53%, respectively, for 50/40/10 laminates at RTD condition.

Tilted Countersink. This problem is created if the hole drilling direction is
not parallel to the thickness direction of the laminate, as shown in Figure 1-21.
Both toward and away from bearing conditions were studied. Here, "toward" and
"away" mean that either smaller and or countersink angles were formed in the
laminate. The reduction in bearing strengths of the 50/40/10 lmninates were 18
and 14% at RTD and ETW conditions, respectively, in the "toward" case. For the
"away" case, the changes in bearing strengths were +1% (increase) and -13%
(decrease), respectively, at RTD and ETW conditions, respectively.

1.6 LOAD-DEFLECTION RESPONSE
The load-deflection relationships have been measured by using applied load

versus machine crosshead displacement or versus specimen deflection as recorded
with extensometers. Results obtained by both of these techniques are discussed in
the following sections.
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Figure 1-21. Schematic diagrams of (a) out-of-round hole and (b) tilted
countersink and specimen configuration.
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1.6.1 Load-Crosshead Displacement
Kretsis and Matthews [ 1-31] tested the applied load versus the crosshead

displacement of some GI/69 (glass/epoxy) laminates with single-bolted joints.

Their results showed that tension and shear failure modes are much more

catastropic than the bearing failure mode, Figure 1-22. These three failure modes
were generated using three different specimen geometries. One must be very

careful in the examination of these load-displacement relationships. Although the

bearing curve has highest failure load among the three modes considered, the
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Figure 1-22. Load-displacement curves for GI/69 laminates with D=6.35 mm
(0.25"), t=3 mm (0.12") and clamping pressure=12 MPa. (a) [0/±4512s,
bearing: W=40 mm, e=30 mm; tension: W=17 mm, e=25 mm; shear:

W=40 mm, e=16 mm; (b) ±45 symmetric, bearing: W=60 mm;
(c) 0/90 symmetric, bearing: W=45 mm, e=40 mm.
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tension failure produce the highest gross fracture strength.

1.6.2 Load-Extensometer Measurements
Joint stiffness of a specimen with bolted joints is normally measured using

extensometers. It is not a material property of the fastener or the laminate, rather,
it is a structural property that depends on the fastener type and material, the
laminate configuration and the joint type. Therefore, when the value of joint
stiffness is reported, the joint configuration and the length of the extensometer used
as well as its location must be specified. Most investigators did not measure this
property. Only a limited number of references can be found in the literature. They
are discussed in the following.

Ramkumar and Tossavainen [1-25] studied the joint stiffness of Gr/Ep (AS I/
3501-6) laminates using 87.6 mm (3.45 in) long extensometers. It can be seen
from their pictures that the locations of the extensometers were at the two ends of
the specimens. The load-deflection curve for solid pin fasteners is generally
composed of three portions. The first portion (initial offset) represents the region
where friction between the laminate and the aluminum coupons (this is created due
to lateral constraint applied through fasteners) is overcome. Thus, a higher fastener
torque normally produ ýs a larger initial offset region. The second portion is linear
and the third portion is nonlinear and unsmooth. Significant damage is
accumulated in this portion of the loading history. The joint stiffness is normally
measured from the second region of this load-deflection curve. Some of the
representative results under tensile loading are illustrated in Figures 1-23 through
1-27. Figures 1-23 and 1-24 show the results for Gr/Ep [(45/0/-45/0)2/0/90]s (50/
40/10) laminates. Figures 1-25 and 1-26 are for [45/0/-45/03/90/0 3]s (70/20/10)
layups. Figure 1-27 illustrates test results for a [45/0/-45/0/45/90/-45/0/±45]s (30/
60/10) laminate. The compression results are illustrated in Figures 1-28 and 1-29
for [(45/0/-45/0)2/0/90]s (50/40/10) and [4 5/0/-4 5/03/90/03]s (70/20/10) laminates,
respectively. The joint type (single or double lap), the fastener type (PH, CSK-T
and CSK-S stand for protruded head, countersink with tension head and
countersink with shear head, respectively) and the torque applied at the fastener are
indicated at the upper left comer in all figures. The characteristics of these curves
are similar regardless of the joint type and fastener type and material.
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1.7 DATABASE
Three computer programs have been written using the software called "Excel"

(Version 2.2) in Macintosh computers. They are "Single J-Tension," "Bearing-
Bypass" and "Multiple Joints" for laminated composites with single bolted-joints
loaded in tension, bearing-bypass loading and multiple bolted-joints loaded in
tension or compression, respectively. The contents of these programs are shown in
the following:

A B C D E ........ ... z
1 Material Percent of Stacking Plate Plate .... Remarks
2 System 0/±45/90 Seqience Width Thicknes
3 Fiber/Resin plies W(in.) t (in.)..
4AS1/3501-6 50/40/10 1(45/0/-45/0)2/0/90]s 1.876 0.120... Gr/Ep
5 AS1/3501-6 50/40/10 [(45/0/-45/0)2/0/90]s 1.875 0.118... Ten. h.
6 AS1/3501-6 50/40/10 [(45/0/-45/0)2/0/90]s 1.874 0.120... Ti. Csk
7 AS1/3501-6 50/40/10 [(45/0/-45/0)2/0/901s 1.874 0.117... St. Pr.
8 AS1/3501-6 50/40/10 [(45/0/-45/0)2/0/90]s 1.875 0.120... St. Csk

803

A hard copy of these tables are attached in Appendices A- I to A-3. The first
two Appendices contain 26 columns (from A to Z) while the last contains 30
columns (from A to Z to AD). If one clicks the column number at any column and
goes to "sort" under the manual "Data," then he can rank the data in either
ascending or descending order.

1.8 CONCLUSION
In the course of this work, the effects of many parameters on the bearing

strength of bolted composite structures have been discussed. Among these
parameters, lateral constraint provided by applying fastener torque stands out
because it can improve the joint strength considerably. On the other hand, the
harmful effects caused by human and machining parameters cannot be overlooked.
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Limited test results show that these parameters can reduce the joining strength of
composite structures by as much as 50 percent.

Comparing the bearing strength curves versus the W/D and e/D ratios, the

former changes the slope more abruptly than the latter. When these ratios reach
their critical values, the failure modes change from tension and shearout,
respectively, to bearing. Their fracture strengths approach the same limit, namely,
bearing strength.

Most investigators in this area focus on achieving full bearing strength. The
reason is that this kind of failure mode is less catastropic than the other two.
However, one must keep in mind that achieving full bearing strength often does not
produce optimum load-transfer efficiency. The calculation of gross strength for a
laminate with bolted-joints is a good check for the efficiency.

The application of bolted-joints to composite structures has the advantages
that it is a simple and cost effective method. This process has the disadvantage that
it removes a considerable amounts of good material, which in turn introduces a
significant stress concentration around the hole. The joining efficiency is
considered medium to low. It is a great challenge to improve the efficiency of this
joining method.

The testing of bolted joints with a single bolt, two bolts in a line, and three
bolts in a line between composite to metal and composite to composite have been
standardized in military handbooks. Details of the testing procedure and the
specimen configuration can be found in Refs. [49] and [50].
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Chapter 2

Adhesives and Bonded Joints

2.1 INTRODUCTION

The study of structural adhesives and bonded joints of laminated
composites and metals consisted of a literature search in the following
publications: Journal of Adhesion, ASTM STP, International Journal of
Adhesion and Adhesives, Journal of Composite Materials, Composites Science
and Technology, Proceedings of SAMPE International Conference and
Exhibition, Composites, books, NASA/DoD Technical Reports, technical
reports from the commercial aircraft sectors, and technical reports from
national laboratories, universities and centers. A listing of all documents
researched on structural adhesives and bonded joints is included at the end of
this chapter.

Adhesive joints in structures can provide higher load transferring
efficiency than mechanical joints. With adhesive joints, material is not
removed (in the form of drilled holes) from structures or structural
components as in the case for mechanical joints. Generally, mechanical joints
result in higher effective stress concentrations than do bonded joints. For these
reasons, bonded jouiats have higher !oad carrying capability than mechanical
joints provided the adhesives used have good mechanical properties and the
surface preparation is good.

Bonded joints have been used in many areas of aircraft and aerospace
structures [2-1 to 2-4]. The attaching mechanism that is used for bonded joints
is adhesive. Most structural adhesives are cured at elevated temperature
although many will cure at room temperature given sufficient time. Adhesives
have been used exclusively in some structural components such as sandwich
beams or sandwich plates. They are also one of the key components used for
repair of aircraft structures [2-5 to 2-7]. Although the role of adhesives is
very important in aircraft structures, the characterization methods for their
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mechanical properties are not as well developed as they are for composite
laminates. The available testing methods will be discussed briefly in the
following sections.

In 1982, Matthews et al. [2-8] wrote a review paper in the area of
adhesive bonded joints in fiber-reinforced plastics. The authors addressed
theoretical works related to the lap shear test. On the contrary, this study
places more attention on experimental work concerning adhesive properties in
bulk and bonded form. This chapter discusses the properties of adhesives in
bulk form and adhesive properties in lap shear configuration.

2.2 TESTING METHODS FOR ADHESIVE

For a stress and strength analysis, mechanical properties, including moduli
and Poisson's ratio are required. In addition to these, tensile, compressive and
shear strength parameters are needed for failure analysis. In the application of
fracture mechanics analysis, the values of critical energy release rate, denoted
by GIC, GIIC and GIIIC are needed. The testing methods associated with all

these parameters are discussed in the following sections.

2.2.1 Normal and Mode I Properties
Elastic properties and strengths can be evaluated using the following tests:

(1) flat dog bone tension, Figure 2-1; (2) butt joint with circular, Figure 2-2
(ASTM D 897), rectangular, Figure 2-3, or square cross-sectional shape loaded
in tension or compression; (3) sandwich flatwise tensile test, Figure 2-4
(ASTM C 297); (4) butt joint tension with cylindrical tubes, Figure 2-5; and
(5) cross-lap tensile test, Figure 2-6 (ASTM D 1344).

The testing methods for determining Mode I critical energy release rate of
adhesives include: (1) peel tests (which include T-peel ASTM D 1876, Figure
2-7; climbing drum peel, ASTM D 1781; and floating roller peel, ASTM D
3167); (2) thick blister (Figure 2-8); (3) butt joint tension; and (4) double
cantilever beam (DCB). Specimens tested with butt joint in tension have 2% of
mode II loading while the peel and the thick blister tests each contain 19
percent of mode II loading.

48



2.54 6.35 Dx 4 HOLES 38.1 Rx 4 SECTIONS

0 S. G.• 12. 7 0 0 125.450.8 - -•

203.2

ALL DIMENSIONS IN mm
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2.2.2 Shear and Mode II Properties
Shear modulus and strength of adhesives can be evaluated using: (1) stiff

adherend specimen, Figure 2-9; (2) butt joint with cylinders loaded in torsion
(Figure 2-5); (3) bulk adhesive tube loaded in torsion, Figure 2-10; (4) thick
adherend lap shear, Figure 2-11 (ASTM D 3983); (5) double lap shear (A3TM
D 3528); (6) Napkin ring, Figure 2-12 (ASTM E 229-70 [2-9]); and (7) blocks
loaded in compression, ASTM D 905-86 [2-10]. Testing methods of Mode II
component include: (1) thin blister; (2) cylinder pull-out, Figure 2-13; and (3)
cracked lap shear, Figure 2-14.

2.2.3 Mode III Properties
Mode III critical strain energy release rate of adhesives can be measured

using: (1) thick cracked-lap-shear specimen with out-of-plane loading, Figure
2.15; and (2) butt joint in torsion, Figure 2-2.

2.2.4 Mixed-Mode Loading
Mixed-mode testing methods of adhesives include: (1) cracked lap-shear,

Figure 2-14 (example can be found in Ref. [2-11]); (2) scarf joint [2-12]; (3)
stiff adherend specimen with off-axis loading, Figure 2-16 (example can be
found in Ref. [2-13]); (4) independently loaded mixed-mode (ILMM), Figure
2-17 [2-14]; and (5) flat coupon with adhesive-adherend bonded at 450 to the
loading axis, Figure 2-18 [2-15]. Extremely limited studies have been done in
this area. Stress analysis is critically needed to examine the uniformity of the
stress distribution in the test specimens in order to obtain accurate material
properties.

2.3 ADHESIVE PROPERTIES

The results of adhesive property tests include normal stress-strain curve
and strength, shear stress-strain curve and strength, the adhesive properties due
to the effects of curing temperature, time and cool down rate, the creep
properties, and thickness effects on the adhesive properties. More detailed
discussion is given in the following sections.
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2.3.1 Normal Properties
Adhesive materials are generally very nonlinear and temperature

dependent. To describe the nonlinear stress-strain relationship, many
engineers have employed the Ramberg-Osgood equation [2-16] which:

t,=-Q+K O;n
E (1)

where the first and second terms on the right-hand side of the equation
represent elastic and plastic strains, respectively, and where E, K and n are
material parameters. Another equation which will be mentioned later is the
modified Bingham model [2-171:

c (e) = Ee, for 0<a<0
(2)

S(e) = 0 + ERJ[1 - e-(E-)-!W], for 0<c<Y

where 0 and Y denote the elastic limit and yield stress, respectively; R is the
strain rate, r is the relaxation time, and e, is the elastic limit strain.

Flat Dog Bone. The normal components of the stress-strain curves for
Hysol EA 9320, 3M Company 2216A/B and MULTRON R-221 -75 adhesives
have been studied under tensile and compressive loadings [2-18]. Flat dog bone
specimens were used for the tensile tests whereas an adhesive block with a
square cross-sectionai shape was used for the compression tests. The shape of
the stress-strain curves as well as the strength and fracture strain values for
each adhesive are very similar for tensile, Figure 2-19, and compressive
loadings, Figure 2-20. However, the failure modes obtained from these tests
were not reported. Brinson et al. [2-191 also used dog bone specimens to
characterize the normal stress-strain curves of adhesives. Figures 2-21 and 2-
22 illustrate that the stress-strain behaviors of Metlbond 1113 and Metlbond
1113-2 are very nonlinear. They are quite sensitive to the strain rate applied.
A higher strain rate results in a higher fracture strength for the adhesive.
These authors also showed that the stress-strain curves of these adhesives can
be characterized more accurately using a modified Bingham model, Eq. (2),
rather than the Ramberg-Osgood model, Eq. (1). However, the Ramberg-
Osgood equation is more widely used because of its simplicity.
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Other work that uses the dog bone flat specimens can be found in Ref. [2-
20], which presents the tensile modulus and Poisson's ratio of Redux 322 epoxy
film and Eccobond 45 LV two-part epoxy paste.

Butt Joint-Thick Adherend. The tensile modulus and Poisson's ratio
of an adhesive can be measured by methods other than the flat dog bone. For
instance, Jangblad et al. [2-21] evaluated these parameters using a combination
method. With the assumption that the adherends are all rigid, two simple
equations were obtained with Young's modulus and Poisson's ratio as
unknowns. These unknowns can be solved using experimental results from
butt joint (Figure 2-3) and thick adherend specimens (Figure 2-11). Jangblad
et al. also performed tensile tests using flat coupons of bulk adhesive. The
results obtained from the combination method (2504 MPa and 0.34) for FM-
300K agree quite well with those measured using bulk adhesive (flat specimen,
2330 MPa and 0.39).

Butt Joint. The result of this test normally reported by experimentalists
is simply the failure load divided by the cross-sectional area of the adhesive.
The analyses performed by Messer [2-22] and Anderson, et al. [2-23] have
shown that the axial stress component at the bonded edge tends to be
unbounded. This result invalidates the application of maximum stress failure
criteria and the simple idea of failure divided by the total cross-sectional area.
With the development of a modified tensile test apparatus [2-23], the result of
the tensile strength of polyurethane (Solithane 113) adhesive is 76% higher
than that obtained using a standard button test method. Associated with this
increase in strength was a reduction in the data coefficient of variation. The
reported tensile strengths for this adhesive were 5.8 and 5.2 ksi for adhesive
thickness equal to 0.065 and 0.006 inch, respectively. Additional data were
reported in Refs. [2-24] and [2-25].

GIC. In 1988, Russell [2-26] used a double cantilever beam (DCB)
method to measure the GIC values for FM-300K, FM-300 and EA-9321
adhesives as a function of temperature. Figure 2-23 shows that GIC values for
the first two adhesives increase as temperature increases. On the other hand,
GIC for EA-9321 adhesive increases slightly to 50'C and then it decreases.
Mall and Yun [2-27] reported that GIC values for FM-400, FM-300 and EC-
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3445 were 603, 933 and 888 J/m 2 , respectively, where FM-300 was in close
agreement with Russell's result. The GIC values for other adhesives can be
found in Refs. [2-28] and [2-29].

2.3.2 Shear Properties
Shear stress-strain behavior of adhesives can be determined using some of

the shear testing methods mentioned above. Some of the representative results
are discussed in the following section.

Butt Joint with Cylindrical Tubes. As early as 1963, Kuenzi and
Stevens [2-30] characterized the shear stress-strain behavior of adhesives using
a butt joint with cylindrical tubes, Figure 2-5. The materials studied include
Redux K-6, AF-6, MN3C, Epon VIII, Metlbond 4021, FM 47, Epon 422J,
Metlbond 408 and FM 1000 (Figure 2-24). A strength of materials approach
was applied for data interpretation. No analysis has been performed to
confirm the data measured.

Stiff Adherend Specimen. Weissberg and Arcan [2-13] performed a
finite element analysis for a stiff adherend specimen loaded along the bondline
direction. They compared this test specimen with a thick adherend specimen
and showed that: (1) the peak value of the normal stress component (at the
comer of the adhesive-adherend interface) in the adhesive is less than half of
that in the thick adherend lap shear specimen; and (2) the normal stress decays
much faster than that of the latter specimen. Shear strain was measured using a
crack opening displacement gauge located across the adhesive. The result for
EA 9321 adhesive is illustrated in Figure 2-25. The authors also performed a
fracture mechanics analysis and confirmed with limited experimental data that
the product of fracture shear stress and the normalized compliance change rate
is a constant. That is, it is independent of the crack length.

Thick Adherend Lap Shear. In 1975, Renton and Vinson [2-31]
characterized elastic properties, E, G and v, of EA 951 film adhesive using the
thick adherend lap shear test. An extensometer was placed on the outside
surfaces of the fixture to measure the shear deformation. The deformation of
the fixture was then subtracted from the measured deformation to obtain the
adhesive deformation. The calculation was conducted using a strength of
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materials approach. The result shows that the tensile modulus is linearly
dependent on the adhesive thickness. This result leads to uncertainty with
respect to the applicability and accuracy of the thick adherend lap shear test.

Recently (1988), Post et al. [2-32] utilized a Moire Interferometry method
to study the strain distribution of FM-73M adhesive in a thick adherend lap

shear specimen, Figure 2-26. Aluminum, 2024-T3, was used for the adherend.
The shear stress-strain curve was obtained nearly to the ultimate fracture of the
specimen. They showed that the shear strain is mostly uniform in the adhesive
except at the two ends. The transverse strain component was one to two orders
of magnitude smaller than the shear strain. Therefore, shear stress-strain
behavior should be accurate if measurements were made in the central portion
of the adhesive. Deformations should be measured at points within the
adhesive in order to achieve high accuracy.

The shear stress-strain relations for Cybond 1115 and BR- 100 (two-part
epoxy paste adhesives) were characterized by American Cyanamid and
presented in Ref. [2-331 using the thick adherend lap shear specimen. A KGR-
I extensometer was used to measure the deformation. The result is shown in
Figure 2-27.

Napkin Ring Shear Test. The shear stress-strain behavior of the FM-
73 adhesive can be found in Ref. [2-34] and is shown in Figure 2-28.
Comparing the results in Figures 2-26 and 2-28, it is interesting to note that
shear strength and fracture strain evaluated by the napkin shear test are almost
twice as high as those determined by a thick adherend lap shear test. On the
contrary, the initial modulus (60 ksi) is only half that obtained from the
adherend lap shear test.

Torsion Pendulum Test. Jeandrau [2-20] showed that the shear moduli
for the Redux 322 epoxy film and Eccobond 45 LV epoxy paste, evaluated
using a bulk adhesive tube, Figure 2-10 (NFT 51104) agreed very well with
the thick adherend lap shear tests. The measurements using these two test

methods both agree well with the value calculated from the following equation:

G = E
2 (1 + v) (3)

where G, E and v denote shear modulus, tensile modulus and Poisson's ratio,
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respectively. Equation (3) is true for isotropic materials.

GIIc and GijIC" The mode II critical strain energy release rate for FM-
300K, FM-300 and EA-9321 adhesives has been measured as a function of
temperature by Russell [2-26] and plotted in Figure 2-29. The GIIC for the
first adhesive increases as temperature increases at low temperature. For
temperature higher than room temperature, GIIC decreases. The GIIC values
for the other two adhesives increase as temperature increases from -50'C to
100 *C. A very limited number of results for GIIC and GIIIC for Solithane 113
were reported by Anderson et al. [2-351 and [2-24].

2.3.3 Normal Versus Shear Stress-Strain Behaviors
Shear stress-strain curves of adhesives are normally much more nonlinear

than their normal components. For instance, Figure 2-30 shows the
comparison of the normal [2-19] and shear [2-36] stress-strain curves for
Metlbond 1113 adhesive. One exception to this common behavior is AF-. 126-2
adhesive. Figure 2-31 shows that the extensional component [2-371 is more
nonlinear than the shear component [2-381. No other experimental data have
shown or confirmed this unusual characteristic.

2.3.4 Adherend Thickness Effects
In 1977, Guess et al. [2-39] conducted tests with EC 2214 R paste adhesive

and FM 123-5 film adhesive using thick adherend and standard lap shear tests
(ASTM D 1002). Three different adhesive thicknesses (0.127, 0.254 and 0.509
mm) and four adherend thicknesses (0.127, 6.35, 12.7 and 2.54 mm) were
tested. The result, Figure 2-32, shows that shear strengths only change slightly
when thick adherend lap shear specimens with different thicknesses were used.
However, the shear strengths obtained from thin adherend single lap shear tests
are less than half (EC 2214 R) of those obtained using the thick adherend lap
shear tests. Thin adherend single lap shear tests tend to give lower strength
values because of eccentricity, high stress concentrations, introduction of a
mixed-mode loading, etc. Figure 2-32 also reveals that a thicker adhesive only
slightly reduces the lap shear strength. This agrees with the result reported by
Renton and Vinson [2-40]. Unfortunately, the former authors did not report
adhesive moduli. Therefore, the peculiar thickness effect of adhesive reported
in 12-311 cannot be examined.
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2.3.5 Moisture Effects
Recently, in 1988, Jurf [2-41] studied the effects of moisture on the FM

73M and FM 300M adhesives using a thick adherend lap shear test. He
concluded that moisture has no effect on adhesive modulus at room
temperature but has significant effects at elevated temperature for these two
adhesives, Figure 2-33. The shear modulus-temperature relation for FM 73M
is basically the same as that for FM 300M. The shear strength of these
adhesives was also reduced significantly due to increase in moisture content.

2.3.6 Creep/Stress Relaxation Properties
Extremely few studies have been conducted in the area of creep and stress

relaxation properties of adhesives. In 1975, Brinson et al. [2-19] tested
Metlbond 1113 (Figure 2-34) and Metlbond 1113-2 (Figure 2-35). The stress
relaxations are significant after only 1 minute of applied constant strain.
Beyond 1 minute, stress relaxation was small. Another effort in this area was
presented by Seago [2-42]. The author tested 13 adhesives with different
primers, surface preparation, cure cycles and carriers. The result ",,
large difference in cyclic time to failure among the adhesive systei•,.;

2.3.7 Effects of Cure Temperature and Time
Sancaktar, et al. [2-43] used flat dog bone specimens to study the effects of

curing time, temperature, and cool down rate on tensile storength of Metlbond
1113-2 and Metlbond 1113 adhesives. Figure 2-36 shows that tensile strength
decreases if curing time was less than 120 minutes. Rapid cool-down reduced
tensile strength of these adhesives by 5-15%.

2.4 JOINING METHODS FOR BONDED JOINTS

There are five basic types of bonded joints in composites: (1) single lap
joints; (2) double lap joints; (3) strap joints; (4) stepped lap joints; and (5) scarf
joints [2-44] to [2-47]. Each type of joint contains several variations as shown
in Figure 2-37.
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2.5 LAP SHEAR TESTING

The American Society for Testing and Materials has adopted the single lap
shear specimen, Figure 2-38 (ASTM D 1002), to evaluate lap shear properties
of adhesively bonded joints. The stress analysis presented in Ref. [2-48] along
the bondlines of single and double lap joints showed that adhesives were
subjected to mixed-mode loading of nearly equal magnitude. Therefore, this
type of bonded joint cannot be used as a characterization method for adhesives.
Rather, it should be treated as a quality control test. The mechanical properties
of structural adhesives in bulk form normally do not directly correlate to the
properties in bonded form. The thermal residual stresses due to the curing
process depend on the adhesive as well as on the adherend materials.

2.6. LAP SHEAR TESTING RESULTS

Experimental data for single lap shear testing of composite materials are
extensive. Some typical results will be discussed in the following paragraphs.

4..73 IN

-.,4 1 IN -----
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Figure 2-38. Single lap shear specimen (ASTM D 1002).
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Surface Preparation. The importance of surface treatment on the lap shear
strength of composites has been studied by a number of engineers, [2-49] through [2-
56]. Wu [2-49] showed that the lap shear strength of thermoplastic composites with
adhesive FM-300 and a Kevlar peel ply was approximately twice as high as that
treated with Corona. Bonazza [2-50] showed that grit blasting followed by flame
treatment yields lap shear strength about three times as high as that with the Corona
treatment, Figure 2-39. Jennings [2-52] also showed that specimens wiih a
sandblasted surface preparation result in lap shear strengths double those prepared
with a polished surface, Figure 2-40.

Environmental Conditions. Kerr [2-57] has studied the Uralane X-
87174A/B, Epibond X-87152A/B and Epibond A/B using the ASTM D 1002 test
method with aluminum adherends. The environmental conditions included elevated
temperature, salt spray, fluid immersion in isopropyl alcohol, gasoline and distilled
water. Kilbane and McKown [2-58] have investigated the lap shear strength of XC-
3700, AF-126-2 and AF-127-3 adhesives with 7075-T6 aluminum adherends. The
XC-3700 adhesive is unique in that it is powder form whereas the last two are filmn
adhesives. The authors showed that the lap shear strength of XC-3700 is just slightly
less than those of AF-126-2 and AF-127-3. May [2-59] has tested and compared the
lap shear strengths of Reliabond 711, American Cynamid FM 123-2, B. F. Goodrich
717 and FR 7030 adhesives per the ASTM D1002 standard. The environmental
conditions included fluid exposure in hydraulic oil and jet engine oil, as well as an
exfoliation corrosion test. The results show that two of the adhesives, American
Cynamid FM 123-2 and FR 7030, have lap shear strengths ranging from 5.1 to 5.5
ksi after immersed the standard finger specimens in MIL-H-5606 hydraulic oil and
in MIL-J-5624 jet engine fuel for seven days. These values are only slightly lower
than the control shear strengths between 5.2 and 5.5 ksi. Additional testing results
due to environmental conditions can be found in Refs. [2-60] through [2-62].

Moisture Problems. In 1982, Myhre, Labor and Aker [2-631 addressed the
moisture problem in bonded joints of advanced composite structures. The authors
compared the lap shear strength of several adhesives under wet and elevated
temperature conditions. The loading conditions included static and fatigue. It was
found that moisture has significant effects on the lap shear strength of adhesives.
For instance, the lap shear strength of FM-73M adhesive at 1000 C under dry
conditions is two to three times higher than that at a wet
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condition. The data presented by Kiger and Myhre [2-641 show that the lap
shear strength of the adhesive FM-400 is not affected by moisture at
temperatures up to 1400 C while it decreases abruptly beyond 50' C for FM-
73M [2-63]. This suggests that adhesive FM-400 is moisture resistant. A
moisture resistant adhesive is very useful for structural repair because there
are many situations in which moisture is difficult to eliminate, especially in the
case of damaged composite laminates or damaged honeycomb structures in the
field environment. However, FM 400 is a high temperature system not well-
adapted to repair. The data in Ref. [2-65] show that the fatigue strength of
FM-73M adhesive is slightly lower than EA-9628, and they both decrease
tremendously as the moisture content increases. On the other hand, the fatigue
strength of 3M adhesive AF-163-2 is only decreased slightly with moisture
content up to 70%. Therefore, AF-163-2 is also a moisture resistant adhesive
besides FM-400. The T-peel and lap shear strength of FM-73 and FM-300K iin
the presence of moisture were investigated by Dodiuk et al. 12-661. The
authors found that the T-peel strength values of FM-73 and FM-300K
decreased by 27 and 54%, respectively, with 0.6% moisture content by weight.
After the moisture was removed by a drying method they proposed (2.5 hours
at 3-5 mm Hg vacuum), the room temperature lap shear strength of FM-73
increased by 11-12%. At 105' C, the lap shear strength values of FM-73 and
FM-300K increased by 47 and 25%, respectively, after the moisture was
removed.

Cryogenic and Elevated Temperature Applications. The adhesive
bonding strength of PEEK/IM-6 composites was studied for applications at
cryogenic and elevated temperature conditions 12-671. The screening test was
performed using 24 adhesives and 6 different surface preparations. The effect
of moisture was also studied. FM 300 and EA 9394 were recommended for
cryogenic (-452' F) and elevated temperature (2500 F) applications. Although
these adhesives have lower bonding strengths than several other adhesives at
room temperature, their strengths are not affected by moisture and the
degradation in strength at elevated temperature is much less severe than the
other adhesives.

Other Adhesive Lap Shear Properties. The effect of storage time on

the lap shear strength of adhesives was reported by Grimes [2-681, Figure 2-
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41, and Tanner [2-56]. Here, the storage time indicates the time after the
adhesive was made and before it was used to prepare a bonded joint. The
result indicates that the lap shear strength value degrades faster as a function of
storage time for AF-126-2 than for MB-329.

Behm and Clark [2-69] have studied two room temperature cured
adhesives: CIBA-GEIGY LNH 263-29 and LMH 262-48. These two are
toughened epoxy adhesives. They have good toughness and require no special
safety handling procedures. The latter has good retention of lap shear strength
over a wide temperature range. Its lap shear strength under the environmental
conditions of fluid immersion, humidity exposure and thermal aging were also
reported. Lap shear strengths of many other adhesives were reported in Refs.
[2-69] through [2-74].

Another issue that has been studied is out time (shop life) of adhesives
prior to use and the effects on strength of temperature and humidity. After six
weeks of open time May [59] reported that the lap shear strength of FR 7030 is
as good as its initial value while the American Cynamid FM 123-2 degrades
slightly.

2.7. DATABASE

Two computer programs were created using Microsoft "Excel." One,
called "Bulk-adhesive," stores adhesive properties as shown in Appendix B-I.
Another, "Adhesive Lap-Joints," stores lap shear strength of composites as
shown in Appendix B-2. Appendix B-I and Appendix B-2 contain 23 columns
(from A to W) and 16 columns (from A to P), respectively. If one clicks the
column number at any column and goes to "sort" under the manual "Data,"
then he can rank the data in either ascending or descending order.

2.8. SUMMARY AND CONCLUSION

Existing adhesive properties and lap shear strengths of composites are
collected using the same format. The test methods that were used to generate
these data and other commonly used testing methods in this area are discussed
with many illustrations. Then the parameters that affect the adhesives and the
lap shear properties are discussed.
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The adhesive property results include normal stress-strain curve and
strength, shear stress-strain curve and strength, the effects of curing
temperature, time and cool down rate, creep properties, and thickness effects
on the adhesive properties, etc. All the testing methods involve more than one
stress component in the test section of the specimen. Therefore, stress analysis
must be performed to obtain accurate data interpretation. Apparent
experimental results can be misleading without proper data interpretation. For
instance, the apparent modulus and strength measured by lap shear tests depend
on the thickness of the adherend. This is because the value of stress
concentration is different for lap shear tests with different thickness of
adherend.

Single and double lap shear configurations have been used extensively in
structural applications. Stress analysis has shown that adhesives were subjected
to mixed-mode loading of nearly equal magnitude along the bondline.
Therefore, these types of bonded joints cannot be used to characterize
adhesives. Rather, they should be treated as a quality control test. Parametric
studies have shown that surface preparation, environmental conditions, and
moisture can change the lap shear strengths tremendously (a few hundred
percent).

REFERENCES

2-1. Olson, A. J and H. R. Pearson, "Complex Adhesive Bonded Assemblies,"
Symposium on Processing for Adhesives Bonded Structures at Stevens Institute
of Technology, August 23-25, 1972.

2-2. Black, J. B., B. R. Fox and K. A. Linton, "Development of Composites
Technology for Joints and Cutouts in Fuselage Structure of Large Transport
Aircraft," Semiannual Technical Report, Douglas Aircraft Company, April 1985.

2-3. Kong, S. J., "Design of Highly Loaded Composite Joints and Attachments for
Tail Structure," Northrop Corporation report No. NADC-81216-60, August 1981.

2-4. Proceeding of Symposium for Processing for Adhesives Bonded Structures,
Vols. I and II, Stevens Institute of Technology, August 23-25, 1972.

2-5. Horton, R. E., J. E. McCarty, et al., "Adhesive Bonded Aerospace
Structures Standardized Repair Handbook," Air Force Technical Report
AFML-TR-77-206, 1978.

79



2-6. Wegman, R. F., "Repair of Damage to Secondary Aircraft Structure of
Advanced Composite Material," Plastic Report R51, October 1983.

2-7. Cochran, R. C., T. M. Donnellan, J. G. Williams, J. J. Katilaus qnd N.
Nemeroff, "An Adhesive for Field Repair of Composites," Report No. NADC-
88072-60, June 1988.

2-8. Matthews, F. L., P. F. Kilty and E. W. Godwin, "A Review of the
Strength of Joints in Fibre-Reinforced Plastics, Part 2. Adhesively Bonded
Joints," Composites, January 1982, pp. 29-37.

2-9. Standard Test Method for Shear Strength and Shear Modulus of
Structural Adhesives, ASTM Standard E229-70, 1970.

2-10. Standard Test Method for Strength Properties of Adhesive Bonds in
Shear by Compressive Loading, ASTM Standard D 905-86, 1986.

2-11. Mall, S., W. S. Johnson and R. A. Everett, "Cyclic Debonding of Adhesively
Bonded Composites," NASA Technical Memo. 84577, November 1982.

2-12. Kinloch, A. J., Developments in Adhesives-2, Applied Science
Publishers, London, 1981, Chp. 3, pp. 83-124.

2-13. Weissberg, V. and M. Arcan, "A Uniform Pure Shear Testing Specimen
for Adhesive Characterization," Adhesively Bonded Joints: Testing, Analysis,
and Design, ASTM STP 981, W. S. Johnson, Ed., American Society for
Testing and Materials, Philadelphia PA, 1988, pp. 28-38.

2-14. Sancaktar, E., H. Jozavi, J. Baldwin and J. Tang, "Elastoplastic Fracture
Behavior of Structural Adhesives Under Monotonic Loading," J. Adhesion,
1987, Vol. 23, pp. 233-262.

2-15. Bascom, W. D. and C. 0. Timmons and R. L. Jones, J. Materials
Sciences, Vol. W0, 1975, p. 1037.

2-16. Ramberg, W. and Osgood, W. R., "Description of Stress-Strain Curves
by Three Parameters," NACA TN 902, April 1943.

2-17. Brinson, H. F. and DasGupta, A., "The Strain Rate Behavior of Ductile
Polymers," SESA Paper No. 2256, presented at the SESA Fall Meeting,
Indianapolis In, October 16-19, 1973.

80



2-18. Moreno-Villalobcs, M., P. Czamocki and K. Piekarski, "Properties of
Adhesives and Their Applications," J. Adhesion, 1986, Vol. 19, 79-87.

2-19. Brinson, H. F, M. P. Renieri and C. T. Herakovich, "Rate and Time
Dependent Failure of Structural Adhesives," Fracture Mechanics of Composites,
ASTM STP 593, American Society for Testing and Materials, 1975, pp. 177-199.

2-20. Jeandrau, J. P., "Intrinsic Mechanical Characterization of Structural
Adhesives," Int. J. Adhesion and Adhesives, Vol. 6, No. 4, October 1986, pp. 22- 31.

2-21. Jangblad, D., P. Gradin, and T. Stenstrom, "Determination and
Verification of Elastic Parameters for Adhesives," Adhesively Bonded Joints:
Testing, analysis, and Design, ASTM STP 981, W. S. Johnson, Ed., American
Society for Testing and Materials, Philadelphia PA, 1988, pp. 54-68.

2-22. Messer, A. M., "Stress Distribution in Poker Chip Tensile SpeciiMens,"
Bulletin of Working Group on Mechanical Behavior, CPIA Publication 27,
chemical Propulsion Information Agency, 1963.

2-23. Anderson, G. P., K. L. DeVries and G. Sharon, "Evaluation of Tensile
Tests for Adhesive Bonds," Delamination and Debonding of Materials, ASTM
STP 876, W. S. Johnson, Ed., American Society for Testing and Materials,
Philadelphia PA, 1985, pp. 115-134.

2-24. Anderson, G. P. and K. L. Devries, "Predicting Bond Strength," J.
Adhesion, Vol. 23, 1987, pp. 289-302.

2-25. Anderson, G. P., S. Chandapeta, and K. L. Devries, "Effect of Removing
Eccentricity from Button Tensile Adhesion Tests," Adhesively Bonded Joints:
Testing, Analysis, and Design, ASTM STP 981, W. S. Johnson, Ed., American
Society for Testing and Materials, Philadelphia PA, 1988, pp. 5-12.

2-26. Russell, A. J., "A Damage Tolerance Assessment of Bonded Repairs to CF-
18 Composite Components, Part I: Adhesive Properties," DREP TM-88-25
December 1988.

2-27. Mall, S. and K. T. Yun, "Effect of Adhesive Ductility on Cyclic Debond
Mechanism in Composite-to-Composite Bonded Joints," J. Adhesion, Vol. 23,
1987, pp. 215-231.

2-28. Mostovoy, S. and E. J. Ripling, "Flaw Tolerance of a Number of
Commercial and Experimental Adhesives," Adhesion Science and Technology,
American Chemical Society Macromolecular Symposium on Science and
Technology of Adhesion, Philadelphia PA, 1975, Ed. L. H. Lee, Plenum Press,
New York, pp.513-562.

81



2-29. Kinloach A. J., W. A. Dukes and R. A. Gledhill, "Durability of
Adhesive Joints," Adhesion Science and Technology, American Chemical
Society Macromolecular Symposium on Science and Technology of Adhesion,
Philadelphia PA, 1975, Ed. L. H. Lee, Plenum Press, New York, pp.597-618.

2-30. Kuenzi, E. W. and G. H. Stevens, "Determination of Mec aanical Properties
of Adhesives for Use in the Design of Bonded Joints," U. S. Forest Service
Research Note, Forest Products Laboratory, Madison WI, October 1963.

2-31. Renton, J. W. and J. R. Vinson, "On the Behavior of Bonded Joints in
Composite Material Structures," Engineering Fracture Mechanics, Vol. 7,
1975, pp. 4 1-6 0 .

2-32. Post, D., R. Czarnek, J. D. Wood, and D. Joh, "Deformations and
Strains in a Thick Adherend Lap Joint," Adhesively Bonded Joints: Testing,
Analysis, and Design, ASTM STP 981, W. S. Johnson, Ed., American society
for Testing and Materials, Philadelphia PA, 1988, pp. 107-118.

2-33. Miller, J. M., J. L. Hammill and K. E. Luyk, "Understanding Effects of
Adhesive Ductility and Bondline Geometry on Tube-and-Socket joint
Performance," Adhesively Bonded Joints: Testing, Analysis, and Design,
ASTM STP 981, W. S. Johnson, Ed., American Society for Testing and
Materials, Philadelphia PA, 1988, pp. 252-263.

2-34. Primary Adhesively Bonded Structure Technology (PABST), Design
Handbook for Adhesive Bonding, Air Force Technical Report AFFDL-TR-79-
3129, January 1979.

2-35. Anderson, G. P., K. L. Devries and M. L. Williams, "The Influence of
Loading Direction Upon the Character of Adhesive Debonding," J. Colloid and
Interface Science, Vol. 47, No. 3, June 1974, pp. 600-609.

2-36. Sancaktar, E., "Shear Behavior of a Viscoelastic Structural Adhesive,"
Ph. D Dissertation, Virginia Polytechnic Institute and State University.

2-37. Humphreys, E. A. and C. T. Herakovich, "Nonlinear Analysis of
Bonded Joints with Thermal Effects," NASA-CR-153263, 1977.

2-38. Birchfield, E. B., R. T. Cole and L. F. Impellizzeri, "Reliability of Step-
Lap Bonded Joints," AFFDL-TR-72-26. April 1975.

2-39. Guess, T. R., R. E. Allred and F. P. Gerstle, Jr., "Comparison of Lap
Shear Test Specimens," J. Testing and Evaluation, JTEVA, Vol. 5, No. 3,
March 1977, pp. 84-93.

82



2-40. Renton, W. J. and J. R. Vinson, "The Analysis and Design of Composite
Material Bonded Joints under Static and Fatigue Loadings," AFOSR Scientific
Report TR-73-1627, August 1973.

2-41. Jurf, R. A., "Environmental Effects on Fracture of Adhesively Bonded
Joints," Adhesively Bonded Joints: Testing, Analysis, and Design, ASTM STP
981, W. S. Johnson, Ed., American Society for Testing and Materials,
Philadelphia PA, 1988, pp. 276-288.

2-42. Seago, R., "Cyclic Creep Studies of Adhesives," Ist National SAMPE
Technical Conference, Seattle, Washington, September 9-11,1969, pp. 135-143.

2-43. Sancaktar, E., H. Jozavi and R. M. Klein, "The Effects of Cure
Temperature and Time on the Bulk Tensile Properties of a Structural
Adhesive," J. Adhesion, Vol. 15, 1983, pp. 241-264.

2-44. Dreger, D. R., "Design Guidelines for Joining Advanced Composites,"
Machine Design, Vol. 52, May 1980, pp. 9-13.

2-45. Renton, W. J., J. Pajerowski and J. R. Vinson, "On Improvement in Structural
Efficiency of Single-Lap Bonded Joints," Advances in Joining Technology,
Proceedings of the 4th Army Materials Technology Conference, Boston MA.,
September 16-19, 1975, Eds. J. J. Burke, A. E. Gorum and A. Tarpinian.

2-46. Hart-Smith, L. J., "Joints," Engineering Materials Handbook, Vol. 1,
Composites, ASM International, 1987, pp. 479-495.

2-47. Dastin, S. J., "Joining and Machining Techniques," Handbook of
Composites, Ed. G. Lubin, Van Nostrand Reinhold Co., 1969.

2-48. Long, R. S., "Static Strength of Adhesively Bonded ARALL-I Joints,"
J. Composite Materials, Vol. 25, 1991, pp. 391-415.

2-49. Wu, S. I., "Adhesive Bonding of Thermoplastic Composites, 2. Surface
Treatment Study," 35th Int. SAMPE Symposium, April 2-5, 1990, pp. 846-858.

2-50. Bonazza, B. R., "Adhesive Bonding of Improved Polyphenylene Sulfide
Thermoplastic Composites," 35th Int. SAMPE Symposium, April 2-5, 1990,
pp. 859-870.

2-51. Maguire, D. M., "Joining Thermoplastic Composites," SAMPE Journal,
Vol. 25, No. 1, pp. 11-14, 1989.

2-52. Jennings, C. W., "Surface Preparation for Adhesive Bonding,"
Proceedings of Symposium for Processing for Adhesives Bonded Structures,
August 23-25, 1972, Hoboken, New Jersey, pp. 82-100.

83



2-53. Rogger, J. S., "The Importance of Preparation and Control in the Repair
of Fibre Reinforced Plastics," Composite Structures, Vol. 6, 1986, pp. 165-182.

2.54. Parker, B. M. and R. M. Waghorne, "Surface Pretreatment of Carbon Fibre-
Reinforced Composites for Adhesive Bonding," Composites, July 1982, pp. 280-288.

2-55. Stone, R. H., "Field-Level Repair Materials and Processes," 28th
National SAMPE symposium, April 12-14, 1983, pp. 210-222.

2-56. Tanner, W. C., "Manufacturing Processes with Adhesives Bonding,"
Proceedings of Symposium for Processing for Adhesives Bonded Structures,
August 23-25, 1972, Hoboken, New Jersey, pp. 1-33.

2-57. Kerr, A. B., "New Directions in Aircraft Adhesives and Sandwich
Structural Materials," SAMPE Technical Conference Proceedings, Aerospace
Adhesives and Elastomers, Vol. 2, Oct. 6-8, 1970, Dallas, Texas, pp. 1-8.

2-58. Kilbane, G. J. and A. G. McKown, "Powder Form Structural
Adhesives," SAMPE Technical Conference Proceedings, Aerospace Adhesives
and Elastomers, Vol. 2, Oct. 6-8, 1970, Dallas, I exas, pp. 13-21.

2-59. May, L. C., "Evaluation of Low-Temperature Curing, Long-Open-Time
Adhesives," SAMPE Technical Conference Proceedings, Aerospace Adhesives
and Elastomers, Vol. 2, Oct. 6-8, 1970, Dallas, Texas, pp. 89-93.

2-60. Pitrone, L. R and S. R. Brown, "Environmental Durability of
Adhesively Bonded Joints," Adhesively Bonded Joints: Testing, Analysis, and
Design, ASTM STP 981, W. S. Johnson, Ed., American Society for Testing
and Materials, Philadelphia PA, 1988, pp. 289-303.

2-61. Askins, D. R. and A. Konopinski, "The Effect of Environmental Aging and
Rapid Heating (Thermal Spikes) on the Behavior of Adhesively Bonded Joints,"
21st Int. SAMPE Technical Conference, September 25-28, 1989, pp. 249-263.

2-62. Aponyi, T. J., "The Effects of Environmental Exposure on Strain
Properties of AF-A-3639 Adhesive Bonded Joints," Air Force Technical
Report AFML-TR-73-104, August 1973.

2-63. Myhre, S. H., J. D. Labor and S. C. Aker, "Moisture Problems in
Advanced Composite Structural Repair," Composites, July 1982, pp. 289-297.

2-64. Kiger, R. W. and S. H. Myhre, "Large Area Composite Structure
Repair," Second Interim Report, AFFDL-TR-77-121 Northrop Corporation,
Aircraft Division, November 1977.

84



2-65. Thrall, E. W., "Prospects for Bonding Primary Aircraft Structure in the
80's," 25th National SAMPE Symposium and Exhibition, San Diego CA, May 1980.

2-66. Dodiuk, H., L. Drori and J. Miller, "The Effect of Moisture Content in
Epoxy Film Adhesives on Their Performance. II. T-Peel and 105°C Lap Shear
Strength," J. Adhesion, Vol. 19, 1985, pp. 1-13.

2-67. Goeders, D. C. and J. L. Perry, "Adhesive Bonding PEEKIIM-6
Composite for Cryogenic Applications," Vol. 36, eds. J. Stinson, R. Adsit and
F. Gordaninejad, San Diego CA., April 15-18, 1991, pp. 348-361.

2-68. Grimes, G. C., L. F. Greimann, T. Wah, G. E. Commerfield, W. R.
Blackstone and G. K. Wolfe, "The Development of Nonlinear Analysis
Methods for Bonded Joints in Advanced Filamentary Composite Structures,"
Air Fo;ce Technical Report AFFDL-TR-72-97, September 1972.

2-69. Behm, D. T. and E. Clark, "High Performance Epoxy Adhesives," 34th
International SAMPE Symposium and Exhibition, Eds., G. A. Zakrzewski, D.
Mazenko, S. T. Peters and C. D. Dean, Reno, Nevada, May 8-11, 1989.

2-70. Kelly, W. T., "Development of Optimum Joints in Graphite Composites
- Carboform Material," Proceedings of Symposium for Processing for
Adhesives Bonded Structures, August 23-25, 1972, Hoboken, New Jersey, pp.
247-265.

2-71. Cichon, M. J., "Repair Adhesives: Development Criteria for Field Level
Conditions," 34th Int. SAMPE Symposium, Vol. 34, eds. G. A. Zakrzewski, D.
Mazenko, S. T. Peters and C. D. Dean, Reno, Nevada, May 8-11, 1989, pp.
1052-1066.

2-72. Ong, C. L. and S. B. Shen, "Adhesive-Bonded Composite-Patching
Repair of Cracked Aircraft Structure" 34th Int. SAMPE Symposium, Vol. 34,
Eds. G. A. ZakrzewsV', D. Mazenko, S. T. Peters and C. D. Dean, Reno,
Nevada, May 8-11, 1989, pp. 1067-1079.
2-73. Askins, D. R. and D. R. Byrge, "Evaluation of 350°F Curing Adhesive
Systems on Phosphoricn Acid Anodized Aluminum Substrates," Air Force

Technical Report AFWAL-TR-86-4039, August 1986.

2-74. "Mechanics of Adhesive Bonded Lap-Type Joints: Survey and Review,"
Technical Documentary Report No. ML TDR-64-298, October 1964.

85



Chapter 3

Lamina Properties

Lamina properties are required for analysis of composite structures. The
fiber forms in this report include both unidirectional and woven. The elastic
properties of particular interest include: longitudinal modulus (Ell), transverse
modulus (E22 ), in-plane shear modulus (G12) and major Poisson's ratio (v12).

The strength properties include: longitudinal tensile strength (X), longitudinal
compressive strength (X'), transverse tensile strength (Y), transverse
compressive strength (Y'), and in-plane shear strength (S).

Again, the data reported here were collected from many journals,
technical reports from DoD and national laboratories, and materials
manufacturers. These references are listed below. A database was created
using "Excel" software and is given in Appendix C-I ("Lamina Properties").
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Chapter 4

Findings/Recommendations

Several important parameters have been identified for consideration of
bolted-joints of composite laminates. The effects of each parameter were
elucidated by figures and experimental results. Almost all the experimental
data obtained from the literature were for graphite/epoxy and glass/epoxy
laminates. Bolted joints data for aramid fibers or organic fibers cannot be
found. One additional important point is that almost all the work was geared
toward achieving full bearing strength. The efficiency of load-carrying
capability of joint-designs has not been studied sufficiently,

For the adhesive study, bulk and bonded forms, cross comparisons
between mechanical properties tested by different methods were found to be
very limited or deficient. Tensile properties are the easiest to obtain. Dog
bone specimens are recommended for evaluating normal properties. For shear
properties, confusion exists for moduli values obtained using thick adherend
specimens. One group of engineers reported that moduli were linearly
proportional to adhesive thickness. This result is highly questionable. More
tests and theoretical analysis are needed to confirm this result. The single lap
shear test (ASTM D 1002) can be used as a quality control test but should not
be used as a tool to determine adhesive properties. The stress distributions for
a single lap shear specimen are very complicated. Again, bonded joint
specimens with aramid fibers cannot be found in the literature.
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Appendix A-I. Data for single bolted-joints under
tensile loading.
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Appendix 1-2. Data for single bolted-joints under
bearing/bypass loading.
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Appendix A-3. Data for multiple bolted-joints in composites.
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Appendix B-I. Adhesive properties.
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Appendix B-2. Lap shear strength of adhesives and
composites/metals.
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, A •C D 
F

Type of Adhesive Overlap Adherend Sjrtmce Adherend Adherend
A..ldh egiv s Th ic/m ss1 aak nJm~ l# .. arlawrw"r' 

!L a"Di~d•

_ AF-126-2 Film 0.0010 0.250 Bo/EPBoE Be: MEK..WKW K [Ole' 1.000
4 JAF-126-2 Film 0.0005 0.250 BoEp BolEp Bo: WEK. O- dOW<4400. 0K [9 1.003

"-Tj AF-126-2 Film 0.0015 0.250 BEp-BodEp BDo:EK. wclw<#4M, WK ;1019 1.001
S5IAF-126-2 Film 0.0010 0.250 Bo/Ep-soEp 80:WEK, -rWK 400 (00 1.001

7 AF126-2 Film 0.0030 0.250 BoAlEp-o/Ep IB; Wo MEK, <.44,0WK 10145101-450101 0.999
"a AF-126-2 Film 0.0035 0.250 BePBoAEp Bo : PoEK, ,W400,IK ( 10/45/0/-45101& 1.000
9 AF-126-2 Film 0.0025 0.250 SolEp Solp Be: ,EK. u"W<400E. WK [0/4510/-453/0] 0.998
10 AF-126-2 Film 0.0030 0.250 BolEpSBoEp DO: MEK, snv.s400oMEK 10/45101-45/01a 0.998

I AF-126-2 Film 0.00152x0.25 Boe p-Boip o: MEK. ow, 4oop-,00. WEK 9x03, [086 1.015
12 AF-126-2 Film 0.0025 2 x 0.25 pBolE olE Bo: MEK ! pwq. #40,K EK 2x0103, 1016 1.015
13 AF-126-2 Film 0.00282 x 0.25 BelEpBolEp Bo: MEK sandppWir,,400, EK 2x[013. 0]S 1.0151
14 AF-126-2 Film 0.00232 x 0.25 BoSlEop-looEp B0:WEK. so[,ipa<4400,0bEK 2x[013, 10S 1.015
15 AF-126-2 Film 0.00202 x 0.218 BolEp-olEp So: WEK. s .44ppw"00,hMEK 2x[(0/90)41|0, [(0/90)8/00 1.013
16 AF-126-2 Film 0.0020 2 x 0.218 BoEsolE B1o: MEK, sandp 400, WEK 212 0/90)4/0], (0/90 80 1 .o, 4

17 AF-126-2 Film 0,0015 2 x 0.21e Bo/ep p BOEKgo;WK. .4&40•x 0. bEK 2xq(0/90)4/. [(00 A,'0)O] 1.014
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27 AF-126-2 Film 0.0050 0.250 BodEp-Ti Ti: Girt b1lt, Oakft 31. 841, HC.L acid I1045,01-45,0/s 1.008
28 AF-126-2 Film 0.0015 0.250 Bo/Ep-Ti TI: Gil blt., Oialit 31. 841m1 MCI WA 10/4510/-4510)s 1.010

-2-9 AF-126-2 Film 0.0015 0.218 B/Ep.TI TI: Git blM. .OCli 31, 041rni HCI.• wi 10/4510/-45/0)s 1.010
30 AF-126-2 Film 0.0027 0.239 Bo/Ep-Ti TI: Gri bklt, OaMa. 31, 41 rN HCL aM 110145/0/-45/101 1.00i
31 AF-128-2 Film 0.00102 x 0.25 Bo/Ep-Ti TI: Gk biot, OaWte 31, 84 1no HCL KO 1016 1.017

32 AF-126-2 Film 0.00052 x 015 Bo/Ep-Ti Ti:GOlliest.Oaldle31,841tMHCL MM 0 6 1.016
33 AF-126-2 Film 0.00102 x 0.218 Bo/E-Ti TI: Ov bMM, Oeld& 31,841ml .L =M Kid [06 1.015
34 -AF-126-2 Film 0.0002 2 x 0.239 Bo/EpTi Ti: G'r. bltG OMW 31, 4Imt NCL aMc 110)16 1.016

35 AF-126-2 Film 0.00052 x 0.25 BoEp-Ti IT]: GrN btW. O.1e 31,,SON HCL W [(0/90)8/0J t.019

38 AF-126-2 Film 0.0000 2 x 0.25 rW/Eo-TI T1;: Gr -'w , oa.1ecl ,. ;4 HCL " I[I(0i90)8/01 1.018
37 AF-126-2 Film 0.00022 x 0.25 Bo/Ep-Ti Ti:'G II boia!, Oa61. 31, .41ml HCL ai [103G0)8/01 1.017

38 AF-126-2 Film 0.000212 x 0.25 BoEo-Ti TI: Grt blat, Oakito 31, 841mI WC. acid 10/9 0)8/01 1.01j
39 AF-126.2 Film 0.0015 2 x 0.25 B/Ep-Ti TI: Grk bls.t, _OsA, 31. 841.m1 HC1 acid jl(0/45/0/-45)q/0"'s 1.002

#0 AF-128-2 Film 0.00052 x 0.25 BoiEP-Ti TI: Grit tat, Oakite 31..641m HjM ackl 4(0/45/0/-45)q/0"a __ 1.020
'I1 AF-126-2 Film 0.00102 x 0.25 Bo/EpTi T,: GrN bwst, OalcIte 3', 41mml HCL c.d (0/45/0/-45)q!0'"s 1.021
42 AF-126-2 Film 0 0010 2 x 025 oý/E•. Ti 1TI: Ot'lblost, OekJi, 31,8dlmI HOL id /(0/45/O-45)/0')• 1.014

L4 MB-329 0.0140 2.0`13 o/Ep-¶ TI: Grit blast, OCklie 31. 841ml -M.CL cid 2x[(0/±45/0)qjs 1.017
44 fAB-329 0.010 2i0-4'.Tp ' Ti: 0 blas,. alwte, 31.o M,841"A MI aid 2x[(10145/0)qlS 3.99
45 MB-329 0.0173 2.15 ii0'fPE-Ti TI: GOt bWlst. O.1. 31, 841m1 HC acid 2x[(0/±45/0)qgl 1003

[40 '8-329 0.0170 2.016 TTT: GA blast. O01e 31. 841m1 HCL acd 2x[(01±45/0)q a 1.006
"(-4 MB-329 0.0160 2.051 'Aý,7-Tl TI: GOt b,,, O.to 31, 041ml HCL ai 2x[(01/451O)qls 1.006

a j•MB-329 0.0070 0.P 9 I•t_ p. Lýo;IEK.apr400, KEK _0/((0)2/014, L(0/45/0)qgl 1.003
49 M3-329 0.0070 0.284 Bo/Ep-Bo/F, Bri: WK. sad < 00,4MEK [0/(90)2/014. (0/45/0)q s 1.004

50 MB-329 0.0070 0.247 ,o/Ep...Bo/Ep So: EK, sap ,d .440G. MEK 10/(90)2/014, 4 (0/45/0)q s 1.002
S 1 jMB-329 0.0070 0.267 BoEp-*ioEp ýoB MEK, saMipew<-c00, MEK t0/(90)2/0j4, [(0/45/0)qgl 1.003
52 MB-329 0.0010 2.008 Bo/Ep-Ti Ti: Grit blast, 00to 31. 8410m HL Kdd 2 x (018 0.997
53 W6-329 0.0030 2.005 BoEp-Ti T: Grit blet, Oak0.131, 841 ml141•.A Ki 2 x 1018 0.996
54 " MB-329 0.0010 2.005 Bo/Ep-Ti T: Gr blest. Oa11131, .41ml HM #cM 2 x 1018 0.997

5 f-MB.-329 0.0017 ' 2.006 Bod/Ep-T TI;. Gr bliOt. 06lIt 31. 841 MlHCL. Kid 2 x [018 0.997
S I AF-126.2 Film 0.0030 1.250!loAEp-So/Ep So:MEK,s smpalw-4400. EK 1019 1.016
"5." dAF-12

6-2 Film 0.0050 1.250 BolE•p-BotEp Bo: LEK. swvdp 44W-M00, MEK M0__ 1.015

56 jAF126-2 Film 0.0050 1.250 Bo/Ep-Bo/Ep Bo:WEK, psVpKe400.hMEK [0]9 1.015
I... .AF-T26.2 Film 0.0043 1.250 Bo/Ep.B'.Ep Go: EK, "sdpeper, 0M.EK 1019 1.015
a P jArl- 26-2 0.0065 1.250 Bo/Ep-So/Ep So: WEK, wNdpu400, MEK ((Of45/0/-45)q1O's 1.013

"1"-, AF-126.2 0.0040 1.250 BoEp.-SoEp Bo: EK. wdppapw-c0o, MEK 1(0/45/0/-45)q/0"Ol 1.015
27. AF-120-2 0.0075 1.250 BoEp-Be.p 0o: MEWK, 6"p"400, MEK [(0O45/01.45)q/O'ls 1.015
3 [1 AF-126-2 00060 1.250 So/Ep-•oSp•9O! MEK, 4ndpO 400, MEK (0/45101745)gq1o0" 1.014

Ie4I.-F.12- ,.050 2 x 0.5 _ 4o:MEK, sandpa N400, EK 2 x 10]3,[016 1.010
IAF-126-2 0.00502 x 0.5 BolEp-BolEp 8o'MEK, andp.er4400,S-K 2 X 1013,1018 1.011
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Adhesive LapJ

SI1 I J K L N 0O'
I Adherend Joint Len9th Fuilure Loed Adheeslve Or Fallure Reference RGe,,J,

3 . 0.046 Single 4.1250 1120 4480 24.35 CO Ad-Bo, Sur. R-e E___[__ ep: N550,

4 0.046 Single 4.1875 1100 4382 23.91 Co Ad-Sol Su•. Res Grim.,. 1.2.sJ Ep: N5W50
5 0.046 Single 4.1250 970 3880 21.09 Co, Ad-•Do, Sur. Re Grimem,.,2.698 E): N5_0_

0.04n6 S918. 4.1250 1063 4247 23.11 Co:Ad-Bo, Sur, Res Grlmes...[2-691 Averaged
7 0.04...nl 4.1250 1105 4420 23.81 Co. Ad-Bo, Sur. Res Giflmem...-6 2 Ep: N5506

.047Singl 4.1250 1170 4680 24.89 Co, Ad-BC, Su. R .. Grl ---...12491_ N&M
9 0047 Singie 4.1250 1165 4679 24.79 Co. Ad-Bo Grimes...[2.69| Ep: N5505
"10 0.047 Single 4.1250 1147 4593 24.40 Co, Ad-Bo Grimes...,2-69] Averaged
11 ... 0.028 Double 4.2500 1785 3514 63.75 Co, Ad-Bo Grimm,....12-682 Ep: N5505
12 0.027 Double 4.2500 1740 3425 64.44 Co. Ad-Bo, Sur. Re. Grimee.,._2-68 _Ep: N5505
1_3 .. 0.0 27 ouble 4.2500 1825 3592 67.59 Co. Ad-Bo, Sur. Roe GrimeJ..2-69] Ep: N5505
14 0.027 Double 4.2500 1783 3510 66.04 Co, Ad-Bo Grimes...2-649 Averaged
1 5  0.088 Double 4.1875 1595 3608 18.13 Co, Ad-Bo, Sur. Res Grimres..,.12-691 F~p: N5505

a1 0.088 Double 4.1875 1430 3235 16.25 Co, Ad-Bo. Sue. Rie Grimes...2-60o Ep: N5505
1__7. 0.087 Double 4.1250 1535 3473 17.64 Co.,Ad-BoSur. Re Grimes...•2-69J Ep: N5505
[ .. 0.088 Double. 4.1250 1520 3439 17.27 Co. Ad-Bo. Sur. Res Grimee... 2.891 Averaged
1.9 - 0.089 Double 4.2500 2410 4744 27.08 Co. Ad-Bo. Sue. Re. G3rlmee...12.691 _______________.___

20 0.088 Double 4.2500 2225 4397 25.28 Cc, Ad-Bo, Sur. Res Grlmm... 2-9110*, - Half a 0' ply
121 0.087 Double 4.2500 2250 4429 25.86 Co, Ad-Bo, Sur. Res Grime"....2.69] Ep: N5505

22 0-088 Double 4.2500 2295 4523 26.08 Co, Ad-Bo, Sur. Re. Grimes...[2-693 Averaged
62. 0.031. 0,032 Sin,,le 2.2500 1000 3968 32.26 Co. Sur. Re, Ad-Ti Grimes...,2-69] Eo: N550524 0.032 Sigte 2.2500 820 3254 26.45 Co, Sur. Re, Ad-Ti Grlme...[2-691 EP: N5505

'25"0.5-I031, 0.032 S. 2.2500 1165 4623 37.58 CoAd-T1,Sur. FW,AM.Bo Grimes...[2-6•i Ep: N5505
26 0.031, 0.032 Si le___ 2.2500__ 1165_____4__23

8"0"031. 0.032 Singie 2.2500 095 3948 32.10 Co, Sur. Rme, Ad-Ti Grimea..42-69) Averaged
127 0.045, 0.0.15 Sinle 2.3750 1215 4621 27.00 Ad-Bo, Ad.TI, Co Grime..[2-691 Ep: N5505

28 0.045, 0.045 SIngle 2.3750 1140 4524 25.33 Ad-Bo. Co. Ad-Ti Grime.,.[2-.9] Ep: N5505
2 0.5 .045 JIngl 2.3750 1045 4147 23.22 Co. Ad-Bo, Sur. Res Grimm...L2-691 Ep: N5505
30 0,045. 0.045 Single 2.3750 1133 4497 25.18 Ad-Bao, Co. Ad-T1 GOrme...12-691 Averaged

31 0,M.2 2x.016 Double 2.3125 2685 5281 92.59 CoSur.R.A-TI.Ad-Bo Grimes... [2-891 Ep: N5505
1 0029. 2x.016 Double 2.3125 2620 5157 90.34 Co.Sur.Ra. Ad-T1.Ad-Bo Grimse...12-609 Ep: N&505
,3 0.029. 2x.016 Double 2.3125 2470 5581 05.17 Co.Ad-'n.d-Bo, Suw.Re Grimes...[2-691 Ep: N5505
3, 0.029. 2x.0! Double 2.25 2592 5373 89.38 Co. Ad-TI,Suw.Rs,-8o Grimm..|2.691 Averaged
,'5 0.088. 2x.465 Double 2.25 1350 2650 15.34 Co.Ad-8o,Sur.Re.Ad-TI Grme...,(2-691 Ep: N5505

03 0.089. 2x.045 Double 2.25 2055 4037 23.35 Co.Ad-Tl,Sur..PAd-Bo Grimme...12-69] Ep: N5505
3 ! 0.087. 2x.045 Double 2.25 2215 4356 25.17 Co.Ad-l1,Sur.RP.Ad-Bo Grime"...,2-69] Ep: N5505

.5 8 0.088. 2x.045 Double 2.25 1073 3681 21.28 CoAd-Bo,d-11.Sur.Re Grimes...(2-69] lAveraged
I'3W 0,087, 2x.045 Double 2.25 2260 4511 25.68 Ad-Ti,Co.Sur.Ra.,d-Bo Grimes...2-691 (jM5sc45)q.4W4/45• • .4,)

j40 0.088. 2x.045 Double 2.25 2360 4627 26.82 Co,Ad-TISur.Rm.,Adl-o Grlmme... 2-69) 0'. Half a0 ply
1 0.088, 2x.045 Double 2.25 2485 4868 28.24 Sur.Re.co.Ad-TlAd-Bon Grlmes...12-691 Ep: N5505

42 0.088, 2x.045 Double 2.25 2368 4689 26.91 coAd-TlSur.ReAd.8o Grimes...|2-6891 jAveraged
43 0.168, 0.173 I-St.L. 6.4375 1700 830 10.24 Sur.ReAd-TICo Grlmes...[2-69] Ep: N5505
44 0.166, 0.178 1-St.L. 6.4375 1740 863 10.48 Sur.Re. Ad-Ti, Co Grimes...[12-691 Ep: N5505
45 0.166, 0.177 1-StL. 6.4375 1710 793 10.30 SurRe.Ad-TICoaA-Bo Grlmes...12.8-1 Ep: N5505
48 0.166. 0.177 1-StL. 6.4375 1830 902 11.02 Sur.Ro.Ad-Tl,Co. ... Grlmes... 12-691 Ep: N5505
47 0.166, 0.167 1-SI.L. 6.4375 1745 847 10.51 Sur.Re.Ad-Ti,Co... Grimee...12-89i Averaged
4 0.086 3-St L-M 4.1075 850 3150 9.88 Co, Sur.Re. lner. Gdmee ... [2-691 Ep: N550S
49 0.086 3-St.L-M 4.1875 935 3280 10.87 Sur.Re,Co, IntAd-Ba Grimm ... 2-691 Ep: N5505
5 0 O.086 3.St.L-!A 4.1875 915 3697 10.64 Int,Sur.Re,Co.Ad-Bo Grimes...12-691 Ep: N5505
51 0.086 3-St.L-M 4.1875 900 3376 10.47 Sur.Re,Co~lnt,Ad-Bo Grim"... 2-691 Averaged
52 0.088, 0.087 1-StL. 7.50 2835 1416 32.59 Sur.Re.Ad-T1,Co Grimes... 2-69. Ep: N5505
53 0.086. 0.083 1-SI.L. 7.50 2205 1104 - 25.34 Ad-TiSur.Re,Co, nt Grlmee...2-691 iEp: N5505
5.40.C87. 0.085 1-St.L. 7.50 2910 1456 33.45 Sur.ResAd-Tilnt.Co Grimem...[2-.91 Ep: N5505
55 0.086, 0.085 I-St.L. 7.50 2650 1325 30.46 Sur.Re,Ad-TI,Co,lnt. Grimea...[2-69] Averaged
5 0ý 0.044 Single 5.25 5750 4528 130.68 Sur.Re,lnt.Co.Ad-Bo Grimes...12-691 Ep: N5505

.7 0.043 Snge 5.25 5535 4362 128.72 Sur.ReCo.int Grlmes...12-69e Ep: N5505
-_ 58 o_0.043 §Ngle 5.25 5720 4508 133.02 Sur.Re.Co.nIt Grime-...[2-61 Ep: N5505

5 0.043 Single 5.25 5668 4468 131.81 Sur.Re.Coint. Grlmee..[2-69f Averaged
0 0.043 Single 3.2813 4100 3238 95.35 Ad-Bo. Sue.Ro. Int Grim"... [2-6910". Halta 0" ply

61 0.044 Sinle 3.25 3815 3007 86.70 Ad-Bo, SurRe Grlmee...[2-69) 0' Half_& 0" ply
62 0.043 Single 3.25 39001 3074 90.70 Ad-Bo, SurRe Grimee...2-o] 0V a Half a0*ply
83 ... 0.043 tngle 3.25 3938 3106 91.58 Ad-SBo, Sur.R. O 'OQ...9- Avrged
64 0.031 Double 4.1875 4020 3980 129.88 Ad-Bo,CoSur.Re,... _G0rme,.,2-691 Ep: N5505
65 0.031 Double 4.1875 4085 4040 131.77 Co, Ad-Bo, Sur.Re.... Grlm"..,.r2-69] Ep: N5505
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Aa c D E F0

SJAF. 123-2 1 0.0045 2 xO05S Bod~p-Bot~ lOo. MEK. s&-4ppfwcit400. MEK 2 X (013.1018 1,013
L7LjAýF.-T122 I 0.0048 2 X 0.5 9odEp-.905p Ho: WKg, Ws~s0MK 2 x1 013,L016 1.013

a AAl -16- 0.0035 2 x 0437 BoE9 !i9:1 AK. anp84&W, IEI( 2xi(0/O)4/01, 1(0/90)8/0] 1.015
P'9l Xý126-2 0.002 2 x 0.437 So/EpD..90p GO.'tZK. andpspr.#400. WK ?N1(O/g)4014/ l0I0S0 1,013

70 AF-126-2 _ 0.0020 2 x 0.437 GlpBo~~p _8o: WEK, swndpapW4#400, IWK 2x1C0/90)4f0I. [(0190)SIOJ t.013
71 AF-126-2 0.0027 2 x 0.437, Oo/Ep-.Swp So:j~ WK 00@. , WEK 2X[(0/90)4/01. I(OW0/SS0i 1.014

72 '-16-2 0.0022 2 x 0.75 Bo/Ep-ft~p Ba: MEK, sandpaW-0400, WSK 2xk(W4S!(.4540Ja. j(5-4) 1.014
7A-1-2 0.0018 2 x 0.75 So/EpBolp Bo: WEK, .adpapaucMOO. W.K 21[((W35".45~10e. f(OM4St-4N"~4J 1.013_

A__._1265-2 0.0020 2 x 0.75 BoEP.901CP 430: WEK, *wIa~ipOcf400, WK 2xj(OA5AV-45i01. [(W4$5"45)%M(js 1.015
-75 IAF-126-2 0.00202 x 0.75 8cS-oj~~1 So: WK, Omndp"pae400, WK Ul((AM45Ple. .((IMVf43~A"5j~ 1.0i4

__76_AF-26 _ 0.0050 1.250 Eo/Ep-Tl TI: Grit blot. 0e30.s 31. 841m1d 14L 1cd016 1.016

_____ -A___2 .05 1.250 Bo/EltTi TI: Gr t. OakM31, "IflW4CL 8M 10]6 - 1.015

1 IV AF-126-2 J~0.0020 1.250 EW'p-Tl TI: Grk Not. Otsilo 31, 841m IM401 acid [0/45/0/.45/0-it 1.014
a', AF-126-2 0.0020_ 1.250_ Bo/Ep-Ti TI:___________31_______ A id 0/5//_5/0__1.1

1 2A-26-2 0.0045 1.2S_ EW____ TI: _________ Opt____ bls,____1_4 N O cd[OA//4/0l ,1

ý4 _F126-2 0.0005_ 2___ x___ 0-5 BoEp-i T: GM__t ___ 1, SN__ Ole_ ,_ _____________

a 5 AF- 125-2 0,0000 2x 0.5 BodEp-T) TI: GA b~m. Oaft 31. 841" 10L acid 1016_____ 1 c I'
66 IAF-126.21 0.0002 2:x 0.5 Bo/Ep- n TI: GO~ b~alut On&de 31, 641 rN 14C4 acid 0OJ C. 05

F- 1W 26-2 0.0003 2 x 0.5 Bo/Ep-Ti TI: G-4 biW.l Oakiti 31, 641v 1401.HC ad~d 0 ____ C,14
1-li 125.2 0.0020 2 x0 F Jp-I ITI: Grit b~m, Oamcl 31. so1m1 Hu0 acid 1(0/90)8/0] __ 12

Sip 1AF-12 6 2  0~.002 0 2 x0.5 P/Ep.Tr--i~: -,W biA., O.MJ. 31. 841rN HC. acdd I(0iGO)8/0J1 01
Ig F-2- 0.00110 2 x 0.5 1oE-i fli: Grit blkeat, Osudm 31, 84miN MCL acid [(0/90)810[. ',020
11A1620.001912 x 0.5 Bo/Ep-TI TI: G.-N bim. Om&its 31, 341mi 1404 acid J(0190)8/10 1,020

2 !AF, 126-2 j 0.003212 x 0.687 Bo/EpTi T:Gtbi.Okt31 lri10 ad(040. 5g0a096
fi ~ ~ --- - _-. 0 B / I Ti : Gr;6a t e J o 31 ým 4 1 cd j(0 /4 5/0/ .4 5 ) gIO la I t0ý9

9:IF126-2 4 0.00322 x0.687 Bo/Ep-T M7: GrIl bimi, Os~l. 31, 841m 1404.HC acid J(0//'&/O-'S)~910* 1,012
-4 AF-i26.2 ~.0.002542 x067g f T mtn,0ie3,81n C c (/50-5qOl -4

9 5 JF- 1i6-20.0030 2 x 0.687 Bo/Ee-Ti Ti: GM iet. 61w, kjtj 31, 541mi 1404 acit [(0145/1-l45)gfOia ,9-
V IMO-320 0.0100 2.01 1o/ 1iT:Glbis.Gu 31. 841rt 1404. acid 2 x 10/(90)2/014 i.OIl

97 ',18-329 1 0.030 2.009 Bo/E0-Ti Ti: Grit biast. Oavite 31.r 84lr 1404. acid 2 x 10/(g90)2/014 102
9 0 MB-329 1 0.0150 2.008 BoEWETi Ti: Gilt blast. Oui~to. 31, 8411711140* aWt 12x 10/(90~)2/0 A 1.0001

vs- M _32 0.0130 2.010,BWEpI-i ITI: GA istb. OeM/to 31, 841lm 1404 acid :2 x (01(90)21014 1.0011
IL. A F .12 6.2 j 0.0005 186B/pTi jTI: Glt bhw., Oak..t* 31. 841nl 1404 acid j 3 x (0iC80)2/0j4 1.003]

______ 0.00101 3.091l /EpT ITv: GOl blast,.0~a d31, 641ml 14CL~ 1wd 3 x [01(P 20)104 :: .00]2
ý 1i7 12F-2 _I 0.0015_ 3.689 Bo/E Ti Ti: Geit blast. Ooidto 31. 04irrg 1404 acid 3 x [0/(90) 2/014iQl

F-- P-20.0010 -3.-689 -Np-Ti *Ti:Gft blei. Oakhv 31. 841NriHCL sr 3 x [0,(~29 ____ 10

EOS11A F 26 -2 i 0.0055 3,8964 Bo/Epi jTi. GI i61w. C#AMte 311. 04'r-4 140 acid 3 x j(01*45/0)q~aI.0s

1051A U126-2 0.0055 3.896 Bo/Ep-Ti 1T1. GA "'Mt, COAM 31, 8411mi HO04 acdd 3 x [(0/t45/0)qjs1.0

MIAF12- 0.0050 2.000i BodEp-90/ TIo:MGIEK. 1.81m C ai xE j(0/4 45/)q!js ONV0
21!000 6.odE BoE owEKiakPO 31O. MUM HU wi 3 0x45) g/0qjl 1.00

7'F126-2 0.00302 0.8750 o 90/6 90! ITI: A(~.Ou 1 SON~4) HCK 3 x [(0,t410jqj!.ý____ 1,00
134 AjF-126-2 06.0603 21 .73 __ p-g/E Io: WK, ndpawv"GO0, WK 1~0J319 1 .1

10AF1620.003520 1723 B~ol BodEp So: WK. Grid p<400, WK 2x[013,01 1,001
iiAP12620.00302_1.750 Bo/Ep-Bo/Ep Eta KIEK.sandppfrc&400, WK 2 t 013.0 1,051
11 F1620.00002 1. .70 3 6 Setop-oE p0 go:K. s&'¶dpawýu0400. WK 2:(1040,[09)111,041

Aý12;ýý 0.001022 O Bit ~ 0.750Ka V8400,EK 2 0145 0.I45)lo~90 ls 1.002

5~6 1 -620.000 200BJpW~ So: MCK, swrdmpwpý0c40)3. WK 2xt.,1(0/90 5)q/0J (/9']s 1.0131
I I f-11%_ 125-2 00042 .0018o/Ep-So19.8o: MK, wxipsp_&400. WK_(C/451_/45_q/_'] 1.0061____

III AF162 .00o5 2 x 0.750 BoEp-Bo/Ep Bo: WK, sanidp <400, WK 2x109)/J !(/0BO 1.012l

'I .4_ 1A-1 00042 5 x0.1250 Sol p Bo/E p B:L/WK. wtcpapW.400. WK 2 xrSAi4 01,12L6 S(i 1,.013
~'62 0.303512 x 0.1250 Bo/Ep-BodE 13o:E aI. snpaparý400, WK 2z 3Y4 x (014!iitY4 1.011: iicttr26 0,000021x0.1750 9Ep-Go/Ep~ Bo: WK,aandPeMI%400,MWK 

2 x!('43Y.4/0j, (oM90Sn.sy .1
12 2fz2 0.001272 x070 opWr13:K mattdpo~f4..4 WK 2x(fO40, (iOOo 1.013
Y 6 2-2 0.0035 1 x0687 Bo/Ep Ti : TGl6WK, se/an 31. 841rw I WK04 acid I0 41 6(/060 1.000

113th.ci ''-i 2 00045 188? -p8-olE so: WKG16m,Otaw cO41mi1WK4C i(OQ)/) 06t9~ 1.012

0.03 2ag x .2 opoopg:2
WK164W",W x(15Y4fl,1(/3.5q .1



Adheslve Lap-J

K - .J K L U N 0 p
0.032 Double 4.1875 3905 3055 122.03 Ad-Bo.,Co, Sur.Re ... GrImn.... 12-691.. Ep: •N5O5

CIi? 0.031 Double 4.1875 4003 3958 129.13 Ad-Bo.Co, Sur.R, ... Grims..69 J V Averaged
8 . 08 Doubl 4.4083 4900 5524 56.98 Co, Ad•.Bo Grl_.a..49J. E : NSW
9 0.087 Double 4.4063 4890 5523 56.21 Co, Ad-Bo, Int Grtme-...[2.e ] Ep: NP505

70 0.087 Double 4.3750 4555 5144 52.36 Ad-Bo, co, ... Grime*...[2-691 Ep: N5505

T1 . . 0.087 Double 4,4063 4782 5397 54.97 Co. Ad-Bo ... Grim"...,,2-ej Averaged

72 0.068 Double 4.3750 7160 4707 81.36 Co, Sur.R. Ad-So Grim.,._.12-._g691 o --.-S,.4.MWud .
73, .... 0.088 Double 4.6250 7185 4726 81.68 Co, Su•.Re. Ad.Bo Orme....• 12! 4,tj/e,4.AS4M4

1: t 74 0.088 Double 4.6250 6710 4407 76.25 Co, Ad-Bo.,SuTr.Fle Grlmos..,[2-6091 M , ,-¢4s-45W4-W
75 _ 0.088 Double 4.5313 7018 4614 79.75 Co, Sur.Re. Ad-BO Grimnes...[2-601 AveragediT i0-T31. 0.032 Single 3.1875 4280 33701 138.06 Ad-TI, Co.Sur.Re, kit Grlme"...2-60] Ep: N5505

7 0.031.0.032- Single_ 3.1875 4195 3306 135.32 Sur.Re,lnt, Ad-TI. Co Grine 5t2.-69j Ep: N5505
re 0.031, 0.:032_ Single 3.1875 41 15 3248 132.74 GrlmN-s..[ 2-8pL Ep: N5505

7" 0.031. 0.032 Sine 3.1875 4197 3307 135.39 CoAd-T],Sur.Re, tnt Grimes...[2-e91 Averaged

80 0.047, 0.045 Single 3.25 4400 3471 93.62 Grimes..,[2-69 0'- Half a 0 ply
1 j0.047, 0.045 Single 3.25 4010 3187_ 85,32 Sur.Re.A-t, Co Grlmes...42-e9] V _. Half asO __ply

852 '0.0_47, 0.045' Single 3.25 4355 3432 92.66 Grlmes...[2-69] 0_' _,_Half a 0° ply _
1ý6 .0.-047,-0,045- &ngle 3.25 4255 3357 90.53 Jeer.Re, Int... Grimnes...[2-6] iAveraged

!'[0."0-305-2-•O1-8 Double- 2.50 -3990 3939 133.00 Co,Sur.Re.Ad-BoAd-'Ti Grlm"....[2-8911

f 8 50.030.2..016 Do uble 2.50 4010 3958 133.67 Other ' Grime$...12-69]

86 J0.030.2x.016 Double 2.50 3840 3783 128.00 Other Grlmes...[2-89]

87 0.030.2x.018 Double 2.50 3947 3893 131.57 Other.Co, Sur.Re Grimes.. [2-69] Averaged

8 0.085,2x0.045 Double 2.50 5250 5147 61.76 Int,Sur.Re.CoAd-Ti Grmes...[2-80]

r9 0.08 ,2x0.045 Double 2.50 5200 5103 61.18 Other Grlmes...[2-e9]

0 t0.085S. 2 x0 .045 Double 2.50 5210 5108 61.29 Co,Sur.Re.Ad-Ti.lnt Grimes.. [2-89]

'i-i- 0.085,290.046 Double 2.50 5220 5119 61.41 CoSur.Re.lnt,Ad-TI Grlmes... [2-69] Averaged

19? -0.087,2x0,045 Double 2.6875 7550 5685 86.78 Sur.Re.Co.lnt,Ad-TI Grlmes...[2-69] 14

83 0_087,2x0.046 Double 2.6875 7570 5444 87.01 1nt,Co,Sur.ReAd-T1 Grlmes...[2-6 j 0 - Half a 0" ply

94 0.087.2x0,046 Double 2.6875 7230 5241 83.10 Sur.ReCo,lnt,Ad-T1 Grlmes...(2-8911

9 5 0.08
7
,2x0.046 Double 2.6875 7450 5457 85.63 Sur.Relnt.Co,Ad-Ti Grlmea...[2-69] lAveraged

f 6 0.175, 0.180 1-St.L. 5.875 1590 789 9.09 ..Ad-Ti. Sur.Re Grlme...L2-69
'i 0172,. 0.176 i-SI.L. 5.875 1405 698 8.17 Ad-TI, Sur.Re,.. Grime"...[2-691

0i71.0.174 1-StL. 5,875 1480 737 8.65 Ad-I1, Sur.Re, Ad-Bo, Gr"me...22-691

0.1767 1-SI.L. 5.875 1492 741 8.62 Ad-TI, Sur.Re, ... Grime"...12-j 9 Averaged

10040 2f,3 . 0.265 2-St.L. 4.875 5845 1581 22.17 Other Grimes_... __2-_91

1-1 i,0.2637. 0,235 2-StL. 4.875 5690 1538 21.58 Other Grimes.. .2-691

il!"21o 2,637, 0.2t5 2-St.L. 4.875 4675 1266 17.73 Other Grimes...12-691

I C30.2637, 0 25 •2-St.L. 4.875L 5403 1462 20.49 Other Grimes...12-69] Averaged
1.-0.260--0.264-2-SI.L. 5.6875 9660 2488 37.15 SurRe, Int. Ad-Bo Grime...2-691 W44.0,L•%,VA /.4.•O)

!1 5 _0..260, 0.264 2-S_.L, 5.6875 11850 3038 45.58 Int, Sur.Re. Grimes ... _12_6g_

0 264 ,2-St.L. 5.6875 13108 45.15 Int, Sur.Re.... Grimes...12-69)
0 •70260, 0.264 2-SI.L, 5.6875 10975 2826 42.21 IntAd-BoCo,Suo.Re Grlm!L ...(2-Syj_

•.L..2.6.2,_-0.2:64 2-SI.L 5.6875 11146 2864 42.54 lntSur.Re,Ad-Bo ... Grlmes...[2-691 Averaged

,0 0 0.046 Single 7.625 7600 4383 165.22 Other Grlmee...[2-89)
_ 0.4Sinle 7.625 8430 4572 183.26 ICo,Sur.Re Grimes...[2-69]

111 6.046 Single 7.625 7590 4127 165.00 Other Grimes...[2.691
S-in4._ 7.625 7873 4361 171.15 Co. Sur.Re,... GrImee...(2-69] Averaged

0.03i -46 singe 87 471 23 102.50 Other Grime...12-.6p 0V- HalfaO ply

- Single 6.875 4750 231 103.26 Other Grimes...[2-869

I I it 0.046 Single 6.875 4810 2381 104.57 Other Grimes..[2-69]

1 0.08 &g_ 6.875 4758 2365 103.43 Other Grime....[2-69 jAveaged

0.032 Double 4.625 4070 2686 127.19 Other Grlmse...[2-691

I 0.031 Double 4.625 4060 2880 130.97 Other Grimes...[2-691
0.031 Double 4.625 4320 2843 139.35 Other Grime....12-601

1 0.031 Double 4.625 4150 2736 133.87 Other Grimes... 12-891 Averaged
11 1 . 0.087i Double 4.6250 6200 4088 71.26 Grimes... [2-69]

1 1221 0.0-7 Double 4.6250 5750 3784 66.09 Grimes.. [2-6q]

I123_ 0.087 Double 4,6250 5745 3127 66.03 Grimes...12.69J

124 0.087 Double 4.6250 5898 4000 67.70 Grtme...,2.g69 Averaged

15" 0.089 Double 5.1875 8890 3510 99.89 _Grlmes...[2-69J (Q/4..• , -U45" ,LMW )

1 . 0.09 Double 5.1875 7695 3044 85.50 Grlmes...[2-891 0' . Half a 0O ply
117 0,089 Double 5.1875 9560 3774 107.42_ Grimn...,[2-69]

28_ 0.09 Double 5.1875 8715 3443 96.83 Grimes.,.12-691 Averaged

129 0.032. 0.032 Sile 3.6250 4170 2472 130.311 Grime...[2-609 I
1100.031, 0.032 S1 e 3.8250 4170 2489 134.52 _Grime,.,[2.69] 281
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Adhesive Lnp-J

T A a c D E JF a
131 AF-128-2 0.0045 1.687 BolE Ti Ti: Got bkol,.OMM 31,641lrM C.Ld M1016 1.000

ii132&A!:-128-2 0.0042 1.687 Bo/Ep-Ti TI: Grit blest0&%M31,SIgMI1 0411AHLw O]6 1.000

r111,33 AF-126-2 0.0035 2.000 BatE TI TI: GUN bileia, O~ft~t 31,64m IMCIn W W 0/45/0/-4510'14 1.005
.124 AF 126-2 0.0025 2.000 Ba/Ep-Ti To: Gro bkest, Oate 31,84ing MCL wM 1014510/-4510'16 1.005

135,AF-126-2 0.0035 2.000,BolEpTI TI: Gil blest, 0*)ft 31, 841m rM CI esi 10/45101-4510*1* 1.004
136 AF-126-2 0.0032 2.000 Bo/Ep-TI TI: Grktkl, bleste 5d 31, 841il HCI. cM [0/45/0/-45/0'18 1.005
.137AF-126-2 0.00052 x 0.750 Bo/Ep-TI TI: GAlDint. 051ijW31.S4MUMHCI.wM1d016 1.007
128 AF-126-2 0.0000 2 x 0.750 Bo/Ep-Ti TI: Grkiwbls. 0.1db.31,841mg MCIW 1016 1.006
1-39 AF-126-2 0.0000 2 x 0.750 BcdEp-TI TI: GhDitblm, O4Wtli 31, c41mg HCI. wW1d016 1.005
14 0 AF- 126-2 0.0002 2 x 0.750 Bo/Ep-TI TI: Gift blint, OaW*b 31,641mgl WAI acid 10)6 1.006
141 AF-126-2 0.00052 x 0.750 Bo/Ep-Ti 71: Gotblost. Oalte 31.S41rmg HCL add 10/90)8/01 1.007
142 AF-126-2 0.00122 x 0,750 Bo/Ep-Ti Ti: Gr% blest oelt.31, 84ImgMCI.aL od :J0/90)6/01 1.007
143 AF. 1 26.2 0.00102 x 0.750 JBo/Ep-Ti TI: GiA blest. 0.1db. 31,64m MU CI. acW 1o0/90/01 1.0061
144 AF-126-2 o.oo092 x 0.750 [Bo/Ep-TI TI:_Gel_0DW, O51dbe 31,.641mrg HCi. WWi [o01908/01 1.007
145i AFF.126-2 0.0015 2 x 0.125 Bo/EpTi TI: GrN Lbku, Oehdte 31, 841mg! MCI. acd 0/O45/0/-45 qtO' a 1.007
1465 AF- 126-2 0.0020 2 x 0.125 Bo/Ep-TI To: Got Dles. OmlIlle 31,6841mg MCI. wM~ j0/45/01-45 q/0' s 1.007
147 AF-126-2 0.0018 2 x 0.125 Bo/EE Ti TI: GAf DlIM, Osidts 31,.841mgl HCI. ac 1(0/45/0/.45)q/01ma 1.008
148 AF-126-2 0.0018 2 x 0.125 Bo/Ep-TI_ TI, GN int. blaklr*1 31,6841mgd HCL acd [0/45/0/-45)q/0 5 ___ 1.007
149 AF.1-26-2 0.0053 2.062 Bo/Ep-Ti TI: 0,.fk blest. 0.1db 31. 841mgy HOL acd 14 x L909g 1.003
150 AF-126-2 0.0063 1.998 Bco/Ep-TI TI: GMt bilet OGIdd 31,8941mog MCI. ai 14 x [9019 __0_.3

151 AF-126-2 0.0060 1.848 Bo/Ep Ti TI: Gilt Olest. 0.1db 31, 841m1 HCI. acid 4x [9019 1,007

152 AF- 126.2 0.0009 _1.969 Bo/Ep-Ti TI. Grot bmt. ek4t31, 841ffIMWAacid 4 x 19019
154jNAB.329 0.0040 0.250 BodOp.9ot~p Wa IWK. spaivpwý"C840 loiEK 1018___ 1.___

155~~2~0.0040 0.250 Boo/Ep-Bo/Ep Bao: MEK. swidpnpwcý4400. WEK [0_______ 1 .020
lsefMB-329 0.0043 0.250 Ba/E Sco/Ep Bco: WK. 9dp!M<c800ME K [j018 1.020

137 MB-329 0.0065 0.500 Bo/Ep-fo/Ep Bao: IVEK, *ldpaff<l400, IWEK -~04510/.45)qf0'js - 03

15-9M. 1 32'9 0.0080 _0.500 Bo/Ep-Bo/Ep Bo. WEK, *wvArx1'<r400. WEK (045/01-45)q/0'1u 0'-.
159 MB-329 1 0.0085 0.500 Bo/E Bo/Ep Bo: WK, oandpacr<U0, WEK ~I045/0/.45)q/0'js .033

l0AB329 j 0.0070 0.500 Ro/Ep-Bo/E Bo:PiWK, oondRepeic400. MEK j[(0I45/0/-45)g/C'jg 1.003a
16 1 IM13-329 0.0025 2 x 0.250 Bo/Ep-Bo/Ep Ba- WEK.& posio,48400. WK 2x(13.1,01ý6 1 015

162[MB-329 0.0038 2 x0.250 Bo/Ep-BoJ Bo: WEK %&rd4p~pw~400, WEK 2 x 013,1016 1.015]
1 31M.2 0.0038 2 x 0.250 Bo~~ p B3oaW Ks~.r~40LE 2_so~1 1.015]
164 MB-329 0.0034 2 x09250 So/E -P.#VE So: WK. soxaer4400, IWK Z x 101340181.01
16S MB-329 0.0100 2 x 0.250 Ba/E Ba'oEp i~o VEK %!dEE.K 2Ix((I90',4/01. [(019C)8/01 1. a1,
1I 6M}WB.2I 0.0065 2 x 0.250 Bo/EpBýIEp jBa: WEK. sndend .0400. IWEK j2x1(0/90)4/0i. 1(0/90)8101 1 .11116
1 67 MB 329 0.0062 2 x 0 250 Bo/Ep-BadE Goa W.KE. sahldpaW<41c400, lEEK 2xf(O0/0)4/0].__(/380 .

168j7MB-329 1 0.0076 2 x 0.250 SoE~p-So/Ep Bo. WK. swder.p40. WK _2xl(0/901411 _[(0/90)8101 I. 1.16
169M.2 0.009012 x 0.1B7 SIBadEp BadEBa MK,&#fuicpaWeef400. lEK .2%[((A4SA-5M&l. 5 IYs(OASA5)% 1.015
170 NA8-329 0.0090 2 x 0.250 BolEpBoU IBc WEK, sat'dpitpeef00. LEEK 2x1(O~j%45"1s, f(A5j45.qjF.4 1 015
1711MO-32V. 0.0080 2 x 0.250 Ooifio-fliol0 tc Wk~. satdý.0400. WEK 2xLO5AY-45ff a.I("M3)W-4 1.015
172 MB-329 0.0087 2 x 0:250 !EpBca go WEK. swvrntie0490C SEEK 2x(ffSMIAV45mltYz. I(OMSi/-4

n~qe 1.015
I 73,ME1-329 0.0045 0-250 Bo/Ep-T TI. Goft blsO1it 141mil HCI. wMi 01S 1.011
174 MB-329 0.0060 0.250 Bo/E I Ti:Gnlt b'.et, 0009 131, 641mi HCL .cd [016 1.009
17 1 -329 . 0.0045 0,250 Boftpjj__jI: Gmt blewi, Cakito 31. bMimIo HCI. ffcid 10]16 1.010

1735, 4129 0.0050 0.2 0 o/P!LTp-i_ Ti Gm bDow, Os/dIt 31, 841,N HCL W facIB 1 1.010.
___ ______90.04 0.500Ro.'Ep-Ti TI:0 Geal . O.dd'. 31. S4OMA ICI. acW 10/45/0/-45/0*js 1.008

I72,126.2 0.0050 0.50O'Bo/EP-Ti To: G"l Liew,I Os/dte J!, s1mI HrA aci 10/4510/-45/0*]s 1.009
779 1AF i. 2 : ____ 0.0040T 0-.8.-o00 BW -Ep-TI [Ti:G -tbw-,- Os/dW-1931, 6.41md HCI. ai [0/45/0/-4510*jm 1.009

T1-26.-2 0.0045 0.500 Bali'Ep-Ti Ti:Grit blast, OeliiI 31. 841mg MC. wd 10/45/0/-4510*ls 1.009
1l1 Ai 12S-2 0.0068 2x 0250 IBoEp Toi Ii: Gi ft oes, OP/dte 31. 841 r1o MCI. acid J016 1.015

182 Al 126.2 0.0055 21x0.250 BoloEp-Ti Ti: Gil ot, w00.1d131. 84'iro CILc * 1016 1.016

183p-T Tr.Ž:. 0.052025 blest. Oaille3V, 41rN WACL. 1016 1.014

164 -1-126.2 0.005592x 0.250 Bo/E T I e ls,01b 1 4mM Ia 1 
.1

185A' 26. 0.055x020 oE TIw T L Gel Dint Oaldt.31.64m M CUM WAwod 1016)80 1.017
188 AF- I 2C-2 0.0052 2 x 0 250B/ -p-i T itllOit 181gMIcd(/80 .1
i5jAý 12 6 -2 0.0055 2 x 0.250 80/p-T el G blesOat, .1b 31,641mgd HCt wM~ 1(0/90)8101 1.0217

188s f 128 2 0.0052 2 x 0.250 Bo/E-i Ti*Gi b~let, Oflute 31, 94lmld HCI. O(0/90)8/0] 1.017

ld a-, f 126-2 0.0087 2 x 0.250 BolE Ti TI: Gfil b~at, 0.1b. 31, 841mId MCI. #cM (A1/0/ /0/.5g/] 1.0217

190 M3 29___ 0.0080 2 x 0 250 Eo/E>To ToGiltbDint. O*A19t 31. IMIrM W wMC acd(0/45/0/-45)gIO~ja 04961
191 t,18329 0.00?22 2x 0250 Bol Tif Ti:G1,1 bles. Osidte31.841ft MCI. WOi (0/45/0/.45)q/0'1a 1.000
192 P],&A-329 0.0080 2 x 0250 Bot pTo TI: Gilt blest. 081db 31.84m M CI. WAwod 0/45/0/4)/] 0.a

F1 RMB 329 0.0045 1 250 BO/Ekýp_ godpB. I&K. sarandppot1400, SEEK LO_ Le___ 1___ _ 1.0131

1ilb8I 3? .- 15, 2561eIdOp.BadEp Ba MEK. wncipeper 9400. WK 01le 1.013
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Adh"e LAP-J

H I i K L O N P
131 0.0:1. 0.032 Single 3.8250 4165 2469 134.35 Grlmes...[12-69[
1320.0:1, 0.032 Single 3.8250 4168 2470 134,45 Grimes...J Averaged
133 0.0,6, 0.045 Single 3.8750 5245 2609 114.02 Grime.[2-69 0-Hf a 0* ply
134 0.0, 7. 0.045 Single 3.8750 5075 2525 107.98 Grimes.. [2-691
13___5 0).0,-6. 0.045 Single 3.8750 4940 2460 107.39 Grimes...[2-69__ _ _

136 0.0,17, 0.045 Single 3.8750 5087 2531 108.23 Grimm ... [2-691 Averaged
1370.0,'0, 2x0.018 Double 2.6250 3340 2211 111.33 Grimes..-.-689

r138 0.0,0, 2x0.016 Double 2.6250 3360 2227 112.00 Grmos...?29l
F390.030. a 2o0180 Double 2.6250 3380 2229 112.00 GrImes..[2-69
140 0.030, 2x0.016 Double 2.6250 3353 2222 111.77 Grimes...12-691 Averaged
141 0.086, 2xo.045 Double 2.6875 6180 4091 72.71 Grimes... 12-69]
1420.084. 2x0.045 Double 2.6875 5675 3757 66.76 Grimes...12-69
14310.08M. 2x0.046 Double 2.6875 5935 3933 69.82 Grimes...12-69
144 0.086, 2M0.045 Double 2.6875 5930 3927 69.76 Grlmns...[2.89] Averaged
145 0.089. 2x0.045 Double 3.1250 10250 4071 115.17 Grimes...[2-691 4./-4.4Q' 0/.45I4.10.45s)
146 0.089. 2x0.045 Double 3.3330 9280 3686 104.27 Grime..[2-89] 0'- Hal a 0 ply
147 008, 2x0.045 Double 3.1250 9810 38;3 110.22 Grimes..A2-6_9J

1 0.089 2x.045 Double 3.1250 9780 3883 109.89 Grimes._.12-6q Avýlaed
149 10. 1i 0 176 3-St.L. 6.4375 12150 5875 148.17 Sur.ReAd-Ti.CoAd-Bo Grimes•..2-61]
151 0.178. 0 173 3-St.L. 6.4375 12450 6212 159.62 Sur.ReAd-Tn.Ad+Bo.Co, Grimes...[2-691
1151 0.179. 0.174 3-St.L. 6.4375 10750 5811 136.08 Sur. Re,CoAd-Ti.Ad-Bo Grimes...t2-69]
152 0.1797, 0.1743.3-St.L. 6.4375 11783 5966 149 15 Sur.ReAd-TlCoAd-Bo Grimes...[ 2-69] Averaged
153j 0.04 Singlge 4.3125 1075 4219 26.88 Sur.Re.CoAd-Bo Grimes...(2-601
154 0.041 Sine 4.3125 1140 4474 27.80 Sur.Re,CoAd-Bo Grimes..- 2-691
155 0 Single 4.3125 1010 3961 24.63 Sur.Re,CoAd-Bo Grimes...[2-6]I
i-6 0.04 Single 4.3125 1075 4218 26.88 Sur.Re.CoAd-Bo Grimes...[2-69] Averaged
E7.. 0043 Single_. 4.5625 855 1705 19.88 Ad-Bo,C0, Sur.Re Grimes...12-69 0' - Half a 0* ply

""38 0.043 Si Ie 4.5625 870 1736 20.23 Ad-BoCO, Sur.Re Grimes...[2-691
59 0 044 Single 4.5625 915 1824 20.80 Ad-Bo,CO, Sur.Re Grimee...[2-69]

ý16n1 0.043 Songle 4.5625 880 1755 20.47 Ad-Bo.CO, Sur.R* Grimes ... (2-891 Avra~gead
.161, 0.03? Double 4.25 1910 3764 59.69 Sur.ReCoAd-Bo Grtmes...(2-69 1v ______

if-72- 0.032 Double 4.25 2265 4463 70.78 Sur.ReCoAd-Bo Grimes.I2-691__
I I:6! 0.032 Double 4.25 2320 4571 72.50 Sur.Re.Co.Ad-Bo Gnmas...[2-6 __

0.032 Double 4.25 2165 4266 67.66 Stir.ReCoAd-Bo Grimes...[2-61] Avweed
1 0090 Double 4.25 1715 3379 19.06 Sur. Re, Co, Ad-Bo Grlmes...[2-869

0- !71 090 Double 4.25 1800 3543 20.00 Sur. Re, Co, Ad-Bo Grimes...[2-691
1_, 0.090 Double 4.25 1640 3228 18.22 Co. Sur.R, Ad-Bo Grimee...42_-69i

1169 0090 Double 4.25 1718 3383 19.09 Sur. Re, Co, Ad-Bo Grilmes...12-9 Av*Mod
116. 0.09,0ouble 4.25 2090 5506 23.22 Ad-Bo, Sur. Re.Co
17C 0.092 Double 4.3125 1770 3488 19.24 Ad-Bo, Sur. Re, Co Grlme ... [2-9 0V - Hilf a 0" pl

---"--- 0.091 Double 4.3125 2170 4276 23.85 Ad-Bo, Sur. Re, Co Grimes...[2.-69]
117;e 0 091 Double 4.3125 2010 4423 22 09 Ad-Bo. Sur. Re, Co Grim" ... [2-69 Avtrag
[173 00.:i. 0032 Sing.e 4.3125 810 3204 27.00 Sur. Re, Int, Ad-Bo Grimes.., 2-69]

i7-4 0 09, 0032 Single 2.3125 740 2934 24.67 Sur. Re. Int. Ad-Bo Gime...42-89J
I150 0 0 0032 Smnle 2.3125 780 3089 26.00 Sur. Re, Int. Ad-Bo Grimes...[2-69]

1"76 0.0, 0,0 032 Singl 2.3125 777 3076 25.90 Sur. Re, Int, Ad.Bo Grimee... 2-.69 Averaied
,17.C•,-'3 0045 .sngle 2.3125 1020 2024 23.72 Sur. Re, Ad-Bo, Co,lnt Grimes ...42-69] 0'-- Hlfla ply
.71004.3 0045 SinVe-- 3.0313 980 1942 22.79 Ad-So. Suf. Re. Co _,Grimes. , __ __L

I1 ?qr, C,4 3 0045 &SVine 3.0625 920 1824 21.40 Ad-Bo, Su. Re, CO Grime...12-691
04. 0645 [5Singl 3.0625 973 1930 22.63 Ad-Bo, Sur. Re. Co Grimes...2-69 Averaged

i111-0/9 016 Double 3.0625 2735 5389 91.17 Sur. Re, Cc, tnt Grimes... 2-89
Il 520010. 0016 Double 2.25 2430 4763 81.00 Su.RoMo-Ad.TI.Co Grimes... 2-869
18310 1110, 0016 Double 2.25 2770 5461 92.33 Suw.ReAd-BoAd-TI.Co Grmies..J.2- _8
',-6* C;0, 0 0?16 Double 2.25 2645 5212 88.17 Sur.ReAd-BoAd-T,Co Grimes.. 12.691 Averaged
"R q017,---004-5 Double 2.25 2345 4612 27.27 Sur.Re1Ad-Do.cofr! Grimes... 2-892]
8&0O-P6 0045 Double 2.25 2410 4753 28.02 Sur. Re. I!t Grimes.. 12-891
I-lC-Q 0 5, 0-465 Double 2.25 2770 5476 32.21 Su Re,.MtCo ... Grimes j2:8 ____

I-B Ii' jI'6. 0 045 Double 2.25 2508 4930 29 16 Sur. Re, Int, Ad-Bo Grim -1_2-69. "V __....
¶S4001, 0045 D-uble 2.3125 1025 2016 11.5? Su Re. Ad- Ti. Co Grimes 269) MA..43
190 0'¼0 0(5- Double 2.3125 1865 3881 20.96 Sur Re. Ad.-1, CO Grimes 12-69 0- Half a 0* O l
-iol 1(A-,-0045 IDouble 2.375 1870 3740 21.01 SurRe Ad-I co Grim" 12-691_
1921-089.00,45 0ouble 2.3125 1587 3212 17.83 S Re., Ad.Tt, Co Grmes .12-69j Averaed
1"9• 0041 Sirm 53125 3230 2551 78.78 Sý,. Re.CO It GrCme .24I91.

-1 0040, Sgl 5.3125 3100 2443 Y7750 A•oi Co Gmes [24] Wta Grim"2

.. 040,Si 5 3125 2805 2215 70 131Sur Re Coint GrMmes 12 '60)
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Adhesive LAp-J

A S C D E F _a
1986 MB-329 0.0073 1.250 Bo/Ep-Bo/Ep So: WEK, gom0.IEK 0[Ol 1.01"i
107 MS-329_ 0.0110 1.500 o#Ep-Bo&p 30. WtK. Swlow400, hEK 10i45/0i-45/O*ls 1.012
11 8 MB-329 0.0120 1.500 Bo~p-Boffp 00: WK. &W H00."WMK (0/451/O/4510' 5 1.014
19 9 9AB-329 0.0120 -1.500 BW~p-BWap So: WK. s .c<400, WK 10/45/0/-45/0 5* 1.015
200 MB-329 0.0117 1.500 B3olEp-Bo/Ep Bo: WEK, m" .#400.I.EK 10145/01-4510']a 1.013
201 MB-329 0.00522 x 0.500 Bofi~p-GW~p 130: WK sadp 8c400.EK 2 x 1013.06 1.013
202 MB-329 0.00522 x 0.500 Bot~p-Ba~p Bo: WEK. !mjp 00t, MEK 2 t 1013.016 1.013
203 MB-329 0.0060 2 xt 0.500 So/Ep.Bofflp So: WeK, "np .c#MO, leEK 2 xt 013,01 1.011
204 MEI-329 0.0050 2 x 0.500 BodEp-Bw~Ep 90:eWK. s~Oo40400, EK 2 xt I310 .6 1.012i
205 MR-329 0.0048 2 xt 0.750 Ba/Ep-BodJp Bo: WeK. !Mqp 400, WeK 2x[(0/90)4/0). (0/90)6/01 1.012
205 MS-329 0.0045 2 xt 0.750 BoiE-BoiEp S0: PeEK. s c8wW400, leEK 2: 0/90 )4/0 0190 W(fO4M 1.012
207 MB-329 0.0045 2 xt 0.750 18cip-Sca/~p So: SeEK. M80,lEK 2x (0/90 4/01. j0/904M 1/ 1.015
208 MB-329 0.0046 2 xt 0.750 Bo/Ep-Bo/Ep Bo: &WK. sand 400, SeEK 2x[ 0/90 4/0l. [0190 4M0 1.013
209i MB-329 0.0085 2 xt 0.100 Bo/Ep-BodEp So: leEK, svhm<400. SeEK 2: (M5W-4S5Y. (MA4SHjW- 1.013
21 OMB.-329 0.0065 2 xt 0.100 Bo/Ep.Bo/Ep Bo: MEK. send -8400. WeK 2: j((O5A)/4S~s (WiA5t4SA O 1.013
2 11 MO-329 0.0092 2 xt 0.100 Bo/Ep-Bo/E Bo: WEK, send .M<0O, leEK 2: (45W-4S5ff.4 (AL~ 1.014
212 MB-329 0.0081 2 x0.100 So/Ep-Bo/Ep Bo: WEK, "W400 lEK 2x:(DM5/0-45M .10S 1.T013
213 MB-329 0.0050 1.250 Bo/Ep-TI TI: Grkbiest.Oakeh31, 941 nil HCLacid 106 1.009
214 MB-329 0.0055 1.250 BodEp-Ti TI: Ont blest, O&lds 31, 84lnVM~i acO d m 016 1.012
215 MB-329 0.0050 1.250 BotEp-Ti Ti: Colt bless. GOdto 31, 641m1 WAI aci 1016 1.1
218 MB-329 0.0052 1.250IBo/Ep-Ti Ti: Grit bilest O&Wtel 31. S4IiiW HC. acW (016 1.011_
217 MB-329 0.0040 1.4371Bo/Ep-Ti TI: Get biam. Oeldle 31, S41n rCig O acid 10!45/01-45/0'1% 1.0-11
218 MB-329 0.0040 1.437 Bo/Ep-TI TI: Get baLWOakla31, 84ImIHC acdd 10/451/0-4510'14 1.012
219 MB-329 0.0030 1.437 BoiEp-TI TI: GOt biLe, OeMd 31, 041md MCI. acid [0/45/0/.45/0*1s 1.014
220 M8-329 0.0037 1.437 Bo/Ep-TJ Ti: Gft blest Onlill 31, S41mi MI. acM 10/45/0/-45/0'1 1.013_
221 MB-329 0.0040 2 xt 0.500 Bo/Ep-TI TI: GOt blet. Cad, 31, 841ft MCI. add 1016 1.003
222 MS-329 0.0060 2 xt 0.50 Bo/Ep-TI Ri Get biles, Oelds 31, 84ing MCI. w 1016 1.003
223 MB-329 0.0060 2 xt 0.500 BoeEp-TI Ti: Get bless O&Wsle 31, SlDOMCI acO od 101 1.0
224 MS-329 0.005312 xt 0.500 Bo/Ep-Ti Ti: Get bless. Qakno 31. MUMI MCI. cid 101 6.0
225 MG-329 0.0060 2 xt 0.667 1BoiEp-Ti TI: Get blest Osdite 31. 841mI Nd. acid 10/go 8/10100
226 MB-329 _ 0.0072 2 x 0.667 Bo/Ep-Ti Ti* Get bale. Oskis. 31. 841fi HOci add 10/90)80 1.00
227 MB-329 0.0068 2 xt 0.750 Bo/Ep-Ti TI: Get bless. Osadle 31, SONm MCI. acdd 0t/90 g 6/00
226 MB-329 0.0067 2 xt 0.708 Bo/Ep-Ti TI: Grit bft Qaeue 31. S4inei HCI. acid_ [0/90)8/01 .0
229 MB-329 0.0088 2 xt 0.100 Bo/Ep-Ti Ti:cw~bleseouvwids.3,mwHCLww 10/45/01-45 i0O'la 1.006
230IMB-329 0.0100 2 xt 0.100 Bo/EP-Ti TI: Get bless. Oskil 31. 841md HCI. aci 10/451/0-45 q/0. 8 1.00i
231 MB-329 0.0108 2 xt 0.100 Bo/Ep-Ti Ti: Get blest, QOits 3 1, 84. ml MHi. aci [0/45/0/.45 q/0' 1.0
232 MB-320 0.00992 xt 0.100 Bo/Ep-Ti TI: Get bless QeMd 31. 8MiI HCI. acd4 ý(0l45/0/-45)q/0*1& 1.005
233 MS-329 0.0070 2.250 Bw~p-Soffi Bo: WK. samndpwseý400. WeK 10J8 1.0
234 MB-329 0.0070 2.250 SW 90bfBo WK. sendpapw<30, WeK 11 ~i
235 MB-329 0.0055 2.250 Do/Ep-So/p Bo: leEK, sandp"c8400, WK 1007
236 M&-329 1 0.0063 2.250 Bottp&4p So: WeK. sawndppw8#400. leEK ____1_08

237 MR-329 + 0.0090 2.500 BolEp-t~ o WeK, sanc~prw<b0.leWK 10/4510/.45/0*l 100
238 MB-329 0.0080 2.500 6o/Ep-So/Ep Be: A&K anpitpw4400, leEK tjOl/45l/0/d510-1 __.0_0

239 MB-329 0.0090 2.5001Bo/Ep-Bo/Ep Bo: VEK, sun1psW<04W.0 WAK ij45/01.4510*Js1.0
240 MS-329 0.0087 2.500 Bo/Ep-Bo/Ep Bo: MEK. usar~wlp<..400 SeK 10/45101.45/0']s 1_00_
241 M13-329 0.00902 xt 0.100 So/E-S/E Bo: leEK, undpope<6400. SEK 2 xt 1013.[016 1.013
242 MB-329 0.00622 xt 0.100 Sol p-So/Ep Bo: leEK, samdpaer-ai0 MeE 2 xt 1013,1016 1.013

23Mf3.329___ 0.0075 2 x0.100 SWPSfl 80: WeEKý4sand0400, K 2 xt 10)3.1016 1.011
244 MLiC329 0.0082 2 xt 0.100 Bo/Ep BolE Do: LEEK. *"gmpe~w84f0. LeEK 2 xt [013.[016 1.01_
245 MS-329 0.0062 2 xt 0.150 BolEpBolEP 13o: WK, sendpspuc9400. leEK 2x((0/90)4/01, [(0190)8101 1.011
246 MB6-329 0.007221x 0.150 BolEpBolEp So:MEK, sanpeper040, WEK _?!Lj0/90)4/Cj. 1(0190)8101 1.010
247 MB8-329 0.0072 2 xt 0.150 BodE Boll So: WK leEK 2111(0190) 4 TO], ((0/90)6/01 1.014
248 MB-329 0.00692 xt 0.150 SofpBolE P Ba 0: WoeK sadpeýpu8400, MEK 2X[(0190)4/01. 1(0/90)S/01 1.012
24-9 MB 3 2 9 0.00682 x0.175 BolE Boll 80: EK.eandxieer-ee0,IeWK 2:t(W43A)/-45ffs. ~I(4ASA-4 1.007
2 50 US4-329 0.0058 2 xt 0.175 BolE Ball So: eEK, smWipsper4MO, MEK 7a504SV4)5 1 WtS. 1.010
251 MB-329 0.0070 2 xt 0. 175 1oi Bot EloE pa Elo:KWK sadpper48400, VeEK 2xj(((V345ff4s (W40AVS)%V 1.011
i52 M13-329 0.0065 2 xt 0.175 Golp-Bod~p Go: WK. eadswpercMO 4WEK 2it((G'4AS"45ffjd. [('O5&I-4 1.009
ý53 MB-329 0.0045 2.250 Bo/Ep-T Ti: Gilt blest, Oullte 31. 841"0 MCI. aci 016 0_____9___

254 5M6-329 0.0050 2.250 Bo/Ep-Ti Ti: Get bless Qeaite 31. S4lrV MCI. aCd 1016 .0
255IM13-329 0.0050 2.250, Bo/EpTi TI: Get blesOat, el. 31. 041I MCI. aci 1016100
256 54B-329 0.0048 2.250 Bo/Ep-TI TI: Get bia, Qu~lts 31. 841rM MCI.M _c~ [01 600
257 MB9.329 0.0095 2.500 Bo/Ep-TI Ti: GAt biles. Qulls 31, 841m1A MCI. W 0/4510/.45/0*]s _ .000
2-58 58.-329 0.0110 __2.50 Bo/Ep:Ti Ti: GAt blest. QUnte 31, 841n1d MI. acid 0/4510/-45/0']s1.0
259 B4-329 0.0115 2.500 Bo/Ep-Ti Ti:GM biest, Oselte 31, SMIredCI. acid 10145101.4510'l L .0

260 MB9-329 0.0107 2.500 Bo/E-Ti Ti: Getbiest, Osits31, 641fWMCI.W acd014510/.4510'1s100
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Adhesive Lap-J

H I iJ K L N 0 P
196 0.041 S 5.3125 3045 2403 74.27 Sur. Re, Co, Int Grim...1219] Averaged
197 0.044 Snl 5.5625 2135 1406 48.52 Ad-Bo. Co, Sur. Re Grimes ...[2-69] - Half a 0 ply
198 0.044 Sile 5.825 2145 1410 48.75 Ad-o, Co, Sur. Re Grimes ... 2-40]
199 0.044 Sirl 5.625 2190 1438 49.77 Ad-o, S.Re Grims .... (2-691
200 0.044 Sinl 5.625 2157 1418 49.02 Ad-So. Co, Sur. Re Grimm... 2-0] A1v ted
201 0.031 Double 4.3751 3840 3751 123.87 Ad-Bo. Sur. Re. Co Grimes ... [2-81]1
202 0.031 Double 4.375 4845 4585 149.84 Ad-Do, Sur. Re. Co GrIms... [2-4)]
203 0.032 Double 4.375 4415 4367 137.97 Gime ...(2-69
204 0.031 Double 4.375 4300 4248 138.71 Ad-So, Sur. Re, Co Grimes...[2459] Averaged
205 0.088 Double 4.50 4950 3261 56.25 Sur. Re. Ad-So, Co Grimes...12-69]

206 0.088 Double 4.50 4945 3258 56.19 Sur. Re, Ad-Bo, Co Grlmes... (2-69]
207 0.088 Double 4.50, 5250 34481 59.66 Sur. Re, Ad-Do, Co Grimes ...[2-69]
206 0.088 Double 4.50 5048 33221 57.36 Sur. Re. Ad-Bo, Co Grime"...(2-69] Averaged
209 0.087 Double 4.875 4750 2344 54.60 Sur. Re, Ad-Do, Co Grlmee.(2-6 __

210 0.085 Double 4.875 5510 2720 64.82 Sur. Re, Ad-Bo. Co Grimes...[2 -69]1
211 0.085 Double 4.875 5510 2717 64.82 Sur. Re, Ad-So. Co Grlmn ...[2-691
212 0.086 Double 4.875 5257 2594 61.13 Sur. Re, Ad-Bo, Co Grimes...[2-69] Averaged
2130.032, 0.032 Sinle 5.1875 1905 1510 59.53 Ad-I.Sur.R*,CoAdBo Grimes.[240]
21410.031, 0.032 SirgA* 5.1875 1915 1514 59.84 Sur.ReAd-T.CoAd-Bo Grimes...[2-69]
2150.032. 0.032 Singe 5.1875 2050 1620 64.06 Sur.Resd-Tl.Co.Ad-Bo Grimes...[2-69]
ieT 32. 0.032 Snl 5.1875 1957 1548 61.16 Sur.ReM-T,,Co,Ad-Do Gr-mes....2-69] Averaged

1270.043, 0.045 Sirde 5.4375 1960 1346 45.58 Sw. Re, InLCo Grimme...(2-69]
[,2|8 0.043. 0.045 Sngl 5.4375 2070 1423 48.14 Sur.RcJMTCAd-BoAd- Grimes...[2- _ _ _

2t19 0.043, 0.045 SIno 5.4375 2250 1544 52.33 Sur.RcJmCo.Ad-•oAd-T Grimee... [2469
2 0.045S 5.4375 2093 1438 48.67 Sur.Re.int.Co Grimes...[2-691 Averaged

,2210.030. 24.016 Double 3.3751 1210 1206 39.03 Co, Ad-Ti, Su. Re Grimes... 2-9]_
[f!220.031, 2x0.018 Double 3.375 1350 1346 43.55 Co, Ad-TI, Sur. Re Grimes ... [2-69]
'22ir•032 2x0.016 Double 3.375 1430 1426 46.13 Co, Ad-Ti. Sur. Re Grimee...[2-69]

I24 0_031, 2x0.016 Double 3.375 1330 1326 42.90 Co, Ad-Ti, Su. Re Grime*s...2-69] Averaged
:P'ný0.090 2x0.0465 Double 2.75 4955 3599 55.06 Int. Sur.Re, Ad-To, Co Grimes...(2±!_

.2260.089, 2x0.045 Double 2.8125 4515 3270 50.17 Int, Ad-TI, Sur. Re Grimes... (2_91
1t"2.090 2x0.046 Double 2.8125 4640 3087 51.56 lnt,Ad-T",Sur.R&,Ad-Bo Grimes... 2-4089

2281C.090. 2x0.045 Double 2.6125 4703 3319 52.26 IrM-nSur.P,.Ad-Bo Grimes... [24] Ave red
122T 0.089. 2x0.046 Double 3.00 5070 2520 56.97 Sur.Re, Ad-Ti. Co, rnt Grimes...[2-49)
1230!0.089, 240.045 Double 3.00 5300 2634 59.55 Sur. Re. Ad-Ti, Co Grimes...[2-M9]
2.31 0.088, 2x0.045 Double 3.00 5210 2595 58.54 Sur. Re Grimes...[249]

,2320.0089, 2x0.045 Double 3.00 5193 2455 58.35 Sw. Re, Ad-Ti.Co Grimes...[2-89] Averaged
2 0.041 Sigle 6.00 5150 2271 125.61 Sur. Re, Co, Int I Grims....12-91]_

!234 0.041 Sinle 6.00 5205 2290 126.95 Su. Re, Co, Int Grimm...[2-691]

_2351 0.041 Sngle 6.001 4350 1920 106.10 Sur. Re, Co, Int Grlmes...[2-89]1
.2391 0.041 ingle 6.00 4902 2160 119.56 Sur. Re. Co, In! Grimes.. [2-89) Averaged
ii 0.048 9 e 6.375 2760 1625 57.50 Ad-Do. Si. Re Grlnms...[2-89] 0' Half 0" ply
N-8 0.047 Sngle 6.375 3020 1186 64.26 Ad-Do, Sur. Re. Int Grlm....249]
S0.048 6.375 3350 1336 69.79 Ad-A. Sur. Re., nt Grimm...[2-9]
:'0 0 047 Single 6.375 3043 1209 64.74 Ad-Bo, Sur. Re Grimes...[2-69 1Averaged

_il 0.030 Double 4.8751 3555 1755 116.50 Sur.Re, Ad-Bo, Co Grlmem...[2-6]
242 0.030 Double 4.875 4150 2048 138.33 Int Grmee...[2.6]

1243: 0.030 Double 4.875 4330 2141 144.33 lntSur.Re. Co, Ad-So Grimes...f2 _

;244" 0.030 Double 4.875 4012 1981 133.73 Int, Sur.Re. Ad-Do, Co Grimme...[2-89] Averaged
'2"1 0.09 Double 5.3125 5200 1714 57.78 Ad-So, Sur. Re, Co GriM"r..[2-69_
2.6 0.066 Double 5.3125 5275 1741 59.94 Ad-Do, InL Sur. Re Grimes...[2-69]

;ýLA 0.067 Double 5.3125 4245 1395 48.79 Ad-Bo. t, Sur. Re Grime...[2-69]

!2:6 0.088 Double 5.3125 4907 1617 55.76 Ad-Bo. It, Sur, Re Grimes... [2-41 Averaged
2i.9'4 0 087 Double 5.50 4770 1353 54.83 Ad-Bo, Sur. Re Grimes...[2-691 "

0.089 Double 5.50 4080 1154 4'5.84 Ad-Bo. Sur. Re Grlmee...[2-69] 0'. Half aO* ply
1254 - .087 Double 5.50 6370 1800 73.22 Ad-Do, Sur. Re Grimes.. 2-69]

,752 0 088 Double 5.50 5073 1436 57. 65 AdI-Bo, Sur. Re Grimes.2-8 j Ave-aged
:;53 3032,-0032' Se 4.25 3065 1364 95.7• Sur.Re, Ad-Ti, Co, int Grimes...[2-69]
ri"¶0.O32. 0.032 Single 4.25 2840 1262 88.75 Sur.ReAd-.TICCojnL.Ad-Bc Grimes.. [2-69]

S.S1 )0 032, 0.032 Single 4.25 2460 1093 76.88 Sur.RecATiCoJs.Ad-B Grimes... 12-891
123- 0.032. 0032 Smngle 4.25 2788 1240 87.13 Sur Re, Ad-TI, Co, Int Grimem. [2-69] Averaged

O2"7047. 0,045 Ggle 4.5625 1870 746 38.96 Ad-Bo, Sur, Re Grimes..2-_4• 0' Half a0 ply
•2"Sp048,_+0.045 3,,gre 4.5625 2325 926 48.44 Ad-Bo.Sw.RAeM-1.TInl Grmes... 2-69]

Y2390-04H. 0045 S--nli 4C5625 2450 973 51.04 SurReAd-8o,Ad-Tl,l Grmes..[2-9 __

2j;-048, 0.045 ,Singl 4.5625 2215 862 46 15 ,Ad.o.Su•.e,-l,ln, ,Grime. L2-69] Averaged
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.,•elve L~ap.J

A a c 0 E F
261 MO-329 0.0053 2 x 1.000 Eo/Ep,-TI TI: GOtxtt Oask O 31,841Mi HOL acid 1018 1.005
262 MB-329 0.0055 2 x 1.000 BEWEp-Ti TI: Grt bim, O0100 31,81 Mlm HCL =Mtt 1016 1.007
263 MB-329 0.0055 2 x 1.000 Bo/Ep-TI TI: OrklmiN, Oslfol 31. 41rM HO odd 1016 1.006
204 M B-329 0.0056 2 x 1.000 IBo/Ep-TI TI: GrkI W o O .al.. 31.,9410MJ CL wW 1016 1.006

265 MB-320 0.0055 2 x 1.500 BioEp-Ti Ti1: GOt biota OWkIG 31, 841h Hl CL RC [(0/90)8010 1.007
266 M0-329 0.0060 2 x 1.500 Bo/Ep.Ti 1"I: Grl Meest, OMM 31, 841wd HC4. WICI (0/00)6/01 1.009
2671 MS-329 0.0060 2 x 1.500 Bo/Ep-ITi:1 Grit )Mm, Osklft 31. 841Rd MCL Mcid [(0100)8101 1.0091
208 MB-329 0.0058 2 x 1.500 Bo/Ep-Ti TI: Off! Meet 06k" 31.,041 fr HO. acid J(0/90)6/01 1.0081
269! MB-329 0.0068 2 x 1.718 So/Ep-~I TI": Gr blMW OWdM 31. $41lml HCL adM [(O/45/0/-45)q/O'14 1.000
270 MB-329 0.0055 2 x 1.687 Bo/Ep-Ti T"1: Gil bls Oadlf 31, 841ri HOL aci [(0/4510/-45)q/0']0 1.010
271 MS-329 0.007212 x 1.687 EBo/Ep-TI !"1: Gr bla Oakfte 31. 9i41m, HOL wM 1(0146101-45)q/0"]0 1.010]
272 MS-329 0.006512 x 1.687 BO/Ep-T] 1"1: GOl bI@K Oakhe 31,8d41la MCL acid [(OI45101-45)q/O'18 1.010
273 EA 951 Film 0.50 Gr/E.p-Tli Grf blasad-AL oxide pow., air bleat i101±45/00|2* 1.001

274 EA 951 Film 0.50 Gr/Ep-TI Gr bluamed-AL oxie pow., ar blas [01±45/9032s 0.0999
275 EA 951 Film 0.50 GrfFEp-TI Gdt b•aBm-AL ox•e pow.., air bls 101/±45/90124 1.0001
276 EA 951 Film 0.50 GrkEp-'r GrItt bleimedFAL oxide pow.. sir bls 101±45/9012a1 1.000O
277 EA 951 Film 1.00 Gr/1Ep-TI Gdt blMso-AL oxide pow., air biml j01±4510032S 0.760
28a EA 951 RM 1.00. GOt~p-n Grft bk*WA& oxke pow., air NO 10/±45/9012a 0.755
279 EA 951 Film 1.00 Gr/E.p-TI Grft bW@NKd-AL oxio M.w., ar bMet L01:145100|2a 0.1160
28(0 ,EA 951 Film 1.00 Gr/EpTI Grt blealei-AL oxife pow.. air bumt 10/±45/90126 0.758
281 EA 951 Film 0.50 Gr~rq-oM Grh blwlAL oxide pow., air blow [0/±•45/90)2s 0.999
292 EA 951 Film 0.50 Gr/E~p-Ti Gr blatod-AL ox~de pow., air VANt [0/+4519002a 0.009
283 JEA 951 Film 0.50 G r/Ep-T i G M bl estod-AL oxide pow., nit bkwa [0/+45/g0 12 s 0.99 91284 EA 951 Film 0.50 Gr/Ep-TI Grit blawled-AL oxide pow.. air West 10/±45/90126 0.9909
2850 EA 951 Film 0.50 Gr/Ep-GrAEp Grt blasedAL oxide pow., air baimt 101:45/9.032* 1.002
286 EA 951 Film 0.5,0 Gr/Ep-Gr/Ep Grf blasted-AL oxide pow.. ar bimt [0/+45/00320 0.005
2 87 EA 95 1 Film 0 .50 G r/Ep-G r AEp G rIt bl aat x$-AL ox idle pow . . #ar bl ut 10 /±14 5 /0 012 8 0 .09 992 110 E C -2 2 14 -R 0 .0 0 5 0 .5 0 S t/S t 4 3 40 Chlo rina ted h~ drx ca rbon, m ara ft ,t F rmo I so tro p ic -6 .0 -0
289 EC-2214-R 0.005 0.50 St/St 4340 Chiorkutle hydlrocrotbmJndlw~, Freon iaotrpic -1-.-0
290J EC-2214-R 0.005 0.50 St/St 4340 ChlorintK hdomnadbated Freon Isotropic i.00
291JEC-2214-R 0.005 0.50 St/St 4340 Chlorintetd hydr~oow~nctnOiW. Freom Isotropic 1 .00
2923 EC-2214-R 0.005 0.50 St/St 4340 ChWkn~l hydocarbon • ,~ts Frm Isotropic 1.00
2l3• EC-2214-R 0.005 0.50 St/St 4340 ChtftrWtod h~docmcnwlfntnl"m Freon isotrpic i .00
294 EC-22?14-R 0.005 0.50 St/St 4340 Chlorinated tj ,ma~AwmM", Fraom Isotropic I1.06
293• EC-2214-R 0.005 0.50 SVSt 4340 JChlrme ryrcabnsan _lm,• F.reon isotropic 1.00
296 EC-2214-R 0.010 0.501St/St 4340 Chkxftnotd tqoo ,ArnctbW, Freon isotropic LO.0
297 EC-2214-R 0.010 0.50 StISt 4340 C•or*n*t hylndxc•oAwwgftg, Freon lIsotropic 1.00

21)1 EC-2214-R 0.010 0.50 St/St 4340 IChmlornte h)foc~mat~,ndbhaw, Fren illsotropic 1.00
299JEC-2214-R 0.020 0.50 St/St 4340 •Chlorinated In iFreon isotropic _1.00

3001EC-2214,-R 0.020 0.50 St/St 4340 Chlodr*Wtedracrbn., biemlb, Freon itotroF¢ý 1 O0
301JEC-2214-R 0.020 0.50 St/St 4340 Chlorinated htrobonwncblsmt, Frmn Isotropic 1.00
302 EC-2214-R 0.0051 0.50 St/St 4340 Ch~lornated hqmcwtboHndft", Frmo Isotropic 1.00.
303] EC-2214-R 0.005 0.50 St/St 4340 Cttl& hydrocerbonsnmolasto, Freon isotropic ,,1.00
304i EC-2214-R 0.005 0.501St/St 4340 Chlorinated hq• ,~sanfto.a Freon isotropic 1.00
30S' EC-2214-R 0.010 0.50 St/St 4340 Chicrinated htldrwonAartx•,ndm, Freo Isotropic 1.00
3056 EC-2214-R 0.010 0.50 St/St 4340 Chork*W hydrocerbon•mi-dbie, Freon IsotropiC 1.00
307 EC-2214-R 0.0`10 0.50 St/St 4340 Chlornated h,"rocaron•.nclblist, Frmo isotropic 1.00
308 E-C.2214-R 0.020 0.50 St/St 4340 Chb~rlntod hM!ýýAmondblms, Freon Isotropic 1.00
309 EC-2214-R 0.020 0.50 St/St 4340 Chlorinteld hy~droaronsac ., Freon isotropic 1.00]
310 EC-2214-R 0.020 "0.50 St/St 4340 ChlorinaedK hvo'ýi sandblem, Frm ionltropic 1.00

311 EC-2214-R 0.005 0.50 St/St 4340 Chlorinated hyýoc Axandbl3m, FrDom Isotropic 1.00
312 EC-2214-R 0.005 0.501St/Sl 4340 Chklnrftid hVocwbonAMndb~i, Freon isotropic 1.00]

313 EC-2214.R 0.005 0.501St/St 4340 Chlo~rinated t•drocarbon,imndldmm, Freo isotropic 1.00
314 EC-2214-R 0.010 0.50 St/St 4340 C hWW*Aod Pqdroombonsandblaim, Freo Isotropic 1.00
315 IEC-2214-R 0.010 0,50 St/St "4340 ChWodnftd hnftrydcermdecil~as, Fmon Isotropic 1.00]
316JEC-2214-R 0.010 0.50 St/St 4340 Chlottkmod Pqdmowbon~A~nWW~b, Freon isotropic 1.00

3171EC-2214-R 0.020 0.50 St/St 4340 Ch•wm hvlnx~t•Amndba, Freon isotropic 1.00

3118 EC-2214-R 0 020 0.501St/St 4340 Chlorinsied nLM Asbncmlblmi, Freon isotropic 1.00
3191EC-2214-R 0.020 0.50 St/St 4340 Chiofnad qdocrbnsaftlm, Freon isotropic 1.00
-320]FM-123-5 0.005 0.50 SVSt 4340 Chiorkmalo hydrocabonsencdblem, Freon Isotropidc 1.00
321 FM-123-5 0.005 0.50 St/St 4340 Clhwk afd ho Aertmbanlema, Freon isotropic 1.00(

322 FM-123-5 0.005 0.50 St/St 4340 C_ _tme hyancerbxnmanclimi, Freon Isotropic 1.O00
3123 F M-123-5 0.005 0.S01StlSt 4340 ChW dt hy•mc x,swndbaim, Fr • eon o pic 1.00

324 FM-123-5 0.005 010S/t440Clrno h tonx~wlx amnmo, Freon• iotropic 1.00
325 FM-123-5 0.005 0.50 St/St 4340 IChlrk*n tdroherbnsrditst, Freon llsotropic 1.00
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Adhest Lp-.J

H I J K L M N 0 p
261 0.031, 2x0.016 Double 2.75 4385 2161 146.17 Sur.ReAd-TIAd-Bo.lnt Grime...12-691
262 0.030. 2x0.016 Double 2.75 4320 2145 144.00 Int Grimes... [2-40
263 0.030, 2W0.018 Double 2.75 4475 2224 149.17 Sur. Re. Ad-Bo, Co,lnt Grimes ...12-a]
264 0.030. 2x0.016 Double 2.75 4393 2183 146.43 Int, Sur. Re, Ad-So Grimes ... [2-691 Averaged
265 0.089, 2x0.045 Double 3.4375 4205 1392 47.25 Sur.ReAd-Bo,lntCo Grimes... [2-69]
266 0.016, 2x0.045 Double 3.4375 5740 1896 64.49 Ad-Bo.... Grimes .. [2-69]
267 0.066. 2x0.04s Double 3.4375 5045 1667 56.69 1nt.SwmtRAd4,oAd-Ti.Q Grimes.[2-491
268 0.080, 2x0.045 Double 3.4375 4997 1652 58.15 Sur.ReAd-Bo,lnt Grimes ... (2-M) Averaged
269 0.089, 2x0.045 Double 3.6875 3715 1072 41.74 Ad-ln, Sur. Re. lnt Grimes...[2-891 0'- Half 0* ply
270 0.090, 2x0.046 Double 3.6875 4385 1267 49.27 Sur. R9, Ad-Ti, Acd-Be Grimes ... [2-69]
271 0.090. 2x0.045 Double 3.6875 3860 1133 43.37 Ad-li, Sur. Re. Int Grimes...[2-691

272 0.090, 2x0.04s Double 3.6675 3987 1164 44.80 Ad-TI, Sur. Re, Int Grimes ..[2-69] Averaged
273 0.128, 0.042 Sirnle 4.00 2630 5250 20.55 45-y Ad, 0-ply Kelly [2-701 Ti: Ti 6AL4V
274 0.128. 0.042 Single 4.00 2720 5450 21.25 0-ply. Ad. 45-ply Kelly [2-70] CARBOFOF#EpERLA4817iCDM
275 0.128, 0.042 Single 4.00 2250 4500 17.58 Ad, O-p y, 45-py Kelly [2-701
276 0.128. 0.042 Single 4.00 2535 5070 19.80 Ad, 0-ply, 45-py Kelly [2-70] Averaged
277 0.128, 2x0.042 Double 3.50 8039 4020 62.60 0-p, Ad Kelly J2-701 TI: 1I 6AL4V
276 0.128, 2x0.042 Double 3.50 5470 2735 42.73 Tens, Oessminstion Kelly [2-70] CARBOFOFWd.Ep:FLA4617,4M
279 0.128. 2x0.042 Double 3.50 7960 3980 62.19 0-ply, 45-y, Ad Kelly [2-701

1280 0.128, 2x0.042 Double 3.50 7156 3580 55.91 0-py. Ad, Tens Kelly L2-701 Av* ed
,281 0.128. 2x0.042 Double 4.00 5800 5805 45.31 O-ply, Ad Kelly [2-70] l7: TI 6AL4V
282 0.128, 2x0.042 Double 4.00 5200 5205 40.63 O-ply, Ad Kelly [2-70] CARBOFOFM, EpERLA,4817,OOM
283 0.128, 2x0.042 Double 4.00 4360 4360 34.06 Ad. O-ply Kelly [2-701
284•0.128, 2x0.042 Double 4.00 5119 5125 39.99 0-py, Ad Kelly [2-70] Averaged

285 0.128, 0.042 Single 4.00 2730 5450 21.33 O-ply, Ad Kelly [2-701 CARBOFOR, Ep:ERA4e17.COM
286 0.128. 0.042 Single 4.00 2860 5750 22.34 0-ply, Ad Kelly [2-701
287 0.128. 0.042 Single 4.00 2795 5600 21.84 0-ply, Ad Kelly [2-701 Averaed
288 0.005 Sinle I10.6T.L. 1500 3000 300.00 Guess...[2-391 ASTM D1002-72
289 0.005 Sinl 10.6(T.L. 1590 3180 318.00 Guess...[2-39 Average of 3 or more tests
4(90 0 005 Sire 10.5(T.L. 1655 3310 331.00 Guess...[2-39 Averaged of 3 or more tests
291 0.005 Sirl 10.5(T.L. 1525 3050 305.00 Guess...[2-391 Aversaged of 3 or more tests
2 9 2  0.005 Singoie 10.(T.L. 1570 3140 314.00 Guess...[2-391 Aversged of 3 or more tests

292 0.25 Sinli 3.76(p-p) 4000 8000 16.00 Guess...[2-39[ Thick adherand test
.294 0.25 Single 3.76(p-p) 3790 7580 15.16 Guess....2-39f Avoeretd of 3 or more tests

S0.25 Single 3.76p-p 4030 8060 16.12 Guess...[2-39[ Averaged of 3 or more tests
296 0.25 Singe 3.76(p-p) 3900 7800 15.60 Guess...[2-39] Averapd of 3 or more tests
22'9[ 0.25 Sil 317Np-p) 3940 7880 15.78 Guess... 2-39f Averaged of 3 or more tests

'298 0.25 S9n• s.76(p-p) 3930 7860 15.72 _ _ -Guess...[2-39J Averaed of 3 or more tests
0.25 S9rV 3.76jp-p 3700 7400 14.80 Guess.. [2-391 Averaged of 3 or more tests

300 0.25 Single 3.76p-p) 3750 7500 15.00 _Guess... 2-39] Averaed of 3 or more tests
0 14- 0.25 Sing 3.76(p-p 3710 7420 14.64 Guess... 2-391 Avered of 3 or more tests

0.50 Single 3.76(p- 4180 6360 8.36 Guess... [2-39[ Thick adherand test
3 - 0.50 Single i .s5(p-p) 4310 8620 8.62 Cuess... 2-391 Averased of 3 or more tests
_._c._ 050 S&r"!e 3.T5(p-p 4320 8640 8.64 Guess.-.12-3911 Averaed of 3 omore tests

[0,51 0.50 Sir~le 3.75(p-p) 4230 8460 8.46 _Guess... 2-39 Aeraged of 3 or more tests
106 0.50 Single i .7S(p-p l 4180 8360 8.36 Guess...12-391 Averaged of 3 or more tests

1307 -- 0.50 S9nle 3.76(p-p 4160 8320 8.32 Guess... 2-391 Averased of 3 or more tests
3ri• 0 50 §rNle 3.75 -p] 4060 6120 8.12 _Guess... 2-391 Aversaed of 3 or more tests

l(o 9 0.50 Sna 7 _(p-p) 4000 8000 8.00 Guess...2-39 Averaged of 3 or more tests
13& 0.50 Single 3.76(p-p) 4150 8300 8.30 Guess... 2-391 Averaged of 3 or mor tests
.411 1.00 Single 3.76(p-p) 4290 8560 4.29 Guess...[2-39 Thick adherand test

Si le 32j.p 4450 8900 4.45 Gues.__.39_A____o _3___ortst•Ti3i 1.00 Single 3.76(p-p) G20 8(0 42 uess ... (2-391 Awveraged of 3 or m" tet
134 1.00 Siri 

3 .75(p-p 4260 8560 4.28 2uses...12-39 Averaged# of 3 or more t_ s
.1.00 Woe 3.76(p.p) 4220 8440 4.22 Guess...12-391 Average of 3 or more tests

.0 ..... 1.00 Single 3.5(p-p) 4170 68340 4.17 Guess... 2-391 Ave of03 or more tests

6 1.00 SirNl I 3.78(p-p) 4290 8560 4.29 Guess... 2-391 Averaged of 3 or more tests
317 1.00 Sinl 3.75(p-p) 4000 8000 4.00 Guess... 2-391 Averased of 3 or more tests
31 1 .00 Sngle 3.76(p-p) 4000 8000 4.00 Guess...12-391 Avefaed of 3 or more tests
321 1.00 Single 3.SIpL. 4100 6200 4.10 Guess. .(2-39 Averaged o3 or more tests
320 0.005 Single 10.5(T.L. 2290 4560 458.00 Guess... 2-391 ASTM D1002-72
321 0.005 SiIna 10.51T.L. 2300 4600 460.00 Guess... 2-39) Aversg of 3 or more tests
322 0.005 Sinle 10.6(T.L. 2350 4700 470.00 Guess... 2-39 Averae of 3 or more tests
323 0.005 Sir li 10.6(T.L. 2340 4660 466.00 Guess... 2-391 Aversge of 3 or more tests
324 __ 0.005 SV*.g 1O.6(T.L.1 23301 4660 466.00 I_______Guess ...[12.391 Aversgo of 3 or more tests

1325 0.25 Single 13.75(-p 2910 5620 11.64 IGuess... 2-39 Thick adherand test
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Adhesive Lap-J

A a c D E F _

326 FM-123-5 0.005 0.50 St/St 4340 Chlorinated hydrocartton~sandbia, Freon laot~opic 1.00
327 FM-123-5 0.005 0.50 SI/St 4340 Chicrinaled hydrocarbon~senidbi, Freon Isotropic 1.00
328 FM-123-5 0.010 0.50 SI/St 4340 Chlorfnte hidroms-'on~sardblas. Freon Isotropic 1.00
329 FM-123-5 0.010 0.50 St/St 4340 Chlornaiad hydrocartion~mnat",a Freon isotropic 1.00
530.FM-123-5 0.010 0.50 StiSt 4340 Chlorinated hydorooionsewictims, Freon isotropic 1.00
331 FM-123-5 0.0201 0.50 SI/Sf 4340 Chlorbaled hdromabon~sandbifts Freon iso1tropiC 1.00
332 FM-123-5 0.020 0.50 St/St 4340 Chlorinated hyidrocarbonsawtdhiai. Freon Isotropic 1.00
333 FM-123-5 0.020 0.50 St/SI_ 340 Chlorinat hydrocarbansarldbleu. Freon Isotropic 1.00
334 FM-123-5 0.005 0.50 St/St 4340 Chlorinated hydRocarbonmewtdblast, Freon Isotropic 1.00
335 F4.123-5 0.005 0.50 St/St 4340 Chlorinated hydrocerbonsenam~ha, Freon Isotropic 1.00
336 FM-123-5 0.005 0.50 St/St 4340 Chlorinted tydroombon~Allidbima, Freon isotropic 1.00
3 37 FW 123-5 0.005 0.50 St/St 4340 Chlorinaled hyrcboiswmai, Freon lisotropic 1.00
330 FM-123-5 0.010 0.50 St/St 4340 Chorinated hyrcwoAwidbl. Freom Isotropic 1.00
339 FM-123-5 0.010 0.50 St/St 4340 Chlorinated hydrocarbon~wKest,dt Freom Is1,0 c 1.00
340 FM-123-5 0.010 0.50 St/St 4340 lChlorinaled hy sabndwxNaa, Freom Isotropic 1.00
341 FM-123-5 0.010 0.50 St/St 4340 Chlorinated *yrcansandiblegt. Freon isotropic 1.00
342 FM-123-5 0.020 0.50 St/St 4340 Chlorinated htýroegonxhwdblsst, Freon isotropic T_____ _ 1.00
3431FM-123-5 0.0201 0.50 St/St 4340 Chlorinated ydobon~ublasdt.M Freon Isotropic 1.00
3441FM-123-5 0.020 0.50 St/St 4340 Chlorinated .yroioserldhems, Freon ieotropic 1.00
3451FM-123-5 0.005 0.50 St/St 4340 Chlorinated hyrcrosandblest. Freon Isotropic i.00
346 F4.123-5 0.005 0.50 St/St 4340 Chlorinated hyroaronedblaw, Freon Isotropic 1.00
347 FM-123-5 0.005 0.50 St/St 4340 Chlorinated hyrocarton~sardbleat Freon Isotropic 1.00
348 FM-123-5 0.010 0.50 St/St 4340 Chlorinated hydrocertonsadbimte Freon isotropic 1.00
349 FM-123-5 0.010 0.50 St/St 4340, Chlorinated hydrorbon.sandiftst, Freon Isotropic 1.00
350 FM-123-5 0.010 0.501St/St 4340 Chlorinated hydrocabonsAnvdbieu. Freon isotropic 1.00
351 FM-123-5 0.010 0.50 St/St 4340 Chloinated hydrocarbon~sadblest, Freon isotro~pic 1.00
3521FM-123-5 0.020 0.50 St/St 434 -0 Chlorinated hydrocarbonsen~d~tlA. Freon isotropic 1_.001
3531FM-1 23-5 0.020 0.50 St/St 430ClrntdhydrocaWnsndlm ronIor~ 1.00

354 FM-123.50.020 0..50 St/S~t 434 Ch=rntdhdosbnsndaFenIorpc10
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Adhesiv Lsp-J

H I J K L M N 0 p
326 0.25 Sngle 3.7.,p-p) 3090 also 12.38 Guess... 2-39 Averaged of13 more aeglo
22 ' 0.25 Singe 3.76(p-p) 2710 5420 10.64 Guess...12-391 Averg of 3 or more teats
i28 0.25 SinO 3.7T(p-p) 2800 5600 11.20 Guess...12-391 Averaged of 3 or more tests
i29 0.25 Sngr 3.7jp-p) 2650 5300 10.60 Guess... 2-391 Aveo ed of 3 or more tests
230 0.25 Srgng 3.75ip-p) 2320 4640 9.28 Guess...,2-39 Averaged of 3 or more tests
331 0.25 Sirnle 3.6(p-p) 2710 5420 10.84 Guess...[2-39] Avered of 3 or more tests
332 0.25 Sino 5epp) 2620 5240 10.48 Guess... 2-391 Averag of 3 or more tests
333 0.25 S 3.76(p-p) 2300 4600 9.20 Guess...12-39] Averaged of 3 or more tests
334 0.50 SngeI 3.75(p-p) 3000 6000 6.00 Guess...12-39] Thick adherand test
335 0.50 Sinrgle 3.75(p-p) 2760 5520 5.52 Guess...12-391 Averaged of 3 or more tests
336 0.50 Sirf 3.7s(p-p) 2850 5700 5.70 Guess.._(2-39 ,Avereged of 3 or more tests
337 0.50 Singe 3.7N(p-p) 2790 5580 5.58 Guess...,2-39g Averaged of 3 or more teats
338 0.50 Single 3.75(p-p) 2790 5580 5.58 Guess...[2-39 Averaged of 3 or more tests
339 0.50o sn015 3.75(p-p) 2480 4960 4.96 Guess...[2-391 Averagod of 3 or more tests
340 0.50 Sr•gIe 3.75(p-p) 2750 5500 5.50 Guess...J2-391 Averaged of 3 or more tests
341 0.50 Sinrle__ j.ý-p) 2640 5280 5.26 Guess... 2-39] AvereW of 3 or more tests
342 0.50 Sinrle 3.76(p-p 2490 4980 4.98 Guess...[2-39 Averaged of 3 or more tests
343 0.50 Sngle 3.75(p-p! 2500 5000 5.00 Guess...[2-39] Averaged of 3 or more teats
344 0.50 SinrIe 3.

75(p-pt 2420 4840 4.84 Guess...[2-39] Averaged of 3 or more tests
3451 1.00 Singl 3.75(p-p) 2960 5920 2.96 Guess...[2-391 Thick adherand test
346 1.00 Sirgle 3.75(p.p) 2790 5580 2.79 Guess.., 2-391 Averag•ed of 3 or more tests
347 1.00 Single 3.75(p-p) 2760 5520 2.76 Guess... 2-391 Averaged of 3 or more tests
348 1.00 Si•aIe 3.76(p-p) 2840 5680 2.84 G,•ess...(2-39] Averaged of 3 or more tests
349 1.00 Sngle 3.75(p-p) 2600 5200 2.60 Guess...12-391 Averaged of 3 or more tests

_350 1.00 Snroie 3.75(p-p) 2500 5000 2.50 Guess._..2-39] Averaged of 3 or more tests
t351 1.00 Sinrgle 3.L5(p-p) 2340 4680 2.34 Guess...12-39 Averaged of 3 or more tests
352 1.00 Single 3.75(p-p) 2730 5460 2.73 Guess...[2-391 Averaged of 3 or more tests
353 1.00 Single 3.

75(p-p) 2430 4860 2.43 Guess...[2-39] Averaeed of 3 or more tests
354 1.00 Single 3.76(p-p) 2490 4980 2.49 Guess...12-39 Averaged of 3 or more teats
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Appendix C-I. Mechanical properties of composite laminae.
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